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CONCEPTUAL CHEMISTRY 
PHOTO ALBUM 
# 


(semal Cjezz/s£ry 1s personalized with photographs of my family and 
friends. A photo of my uncle and mentor Paul Hewitt, author o£ C2cepzz4/ 
Pjys/es, appears on page xxxi. On Uncle Paul$s lap ¡s my son Evan Suchocki 
(pronounced Su-HOCK-ee, with a silent ¿), who, as a toddler, sums up the book 
with his optimistic message. 

Taking advantage of waters high heat of vaporization is my wife, lracy, who 
1s seen fearlessly walking over hot coals on page 280. IDemonstrating 
the potential energy of a drawn bow and arrow on page l8 ¡s : 
our precious oldest son, lan, who is also seen as a baby with 
his mom on page 92 letting us know that the closeness 
between us is in the heart. Qur third child, Maitreya Rose, 
is proudly showcased both as a fetus and as a baby on page 
473, as one of the models of Figure 13.18, on page 446, 
hiphlighting the value of proteins, and as a two-year-old 
holding the cellulose and color-rich Vermont autumn 
leaves on page 439. She appears yet again within the 
Chapter 12 opening photograph and within the Chapter 
10 Spotlight essay on haïr and skin care. About to enJoy his 
favorite beverage—by the liter—is son Evan on page 13. He 
appears again on page 585 using balloons to demonstrate the relationship 
between the volume ofa gas and its temperature. The inverted image of Evan 
and his mom enjoying the balmy beaches of Hawaii can be seen on page 366 In 
the discussion on the chemistry of photography. Evan, his mom, and brother 
lan are seen huddled together at Evans ceramic art show ¡n the middle ñgure on 
page 628. Those are lans hands holding the mineral Ñuorite on page 192 and 
my Íñngers on page 160 lightÌy touching the strings of Betsy, my guitar since 
childhood. I sull use Betsy in producing music for my alter ego, John Andrew 
(sec www.]ohnAndrew.net). Also of our immediate family is Rusty Cat, whom 
you will ñnd on page 646 helping provide perspective for the propane tank at 
the side of our home. Qur dog Sam demonstrates his panting skills on page 269. 

A few members of our extended family have also made their way into 
Cø?+cepf„al CĐersfr). My nephew Graham Orr, lead singer for the emo-rock 
group Burlington, ¡s seen on page 53 drinking water both as a kid and as a 
grown-up college student. Exploring the microscopic realm with the uncanny 
resolution of electron waves is my cousin George Ñ/ebster, who is seen on page 
155 alongside his own scanning electron microscope. George son, Christian, 1s 
the cute kid ¡n the Chapter 3 opening photo. Friend and former housemate 
Rinchen Trashi ¡s seen looking through the spectroscope on page 149. Cousin 
Gretchen Hewitt demonstrates her taste for chips on page 446. Tracys brother, 
Peter Elias, 1s found on page 614 smelling the camphorous odor ofa freshly cut 
Ping-Pong ball. Look carefully on page 630 and you wilÌ see my father-in-law, 


xvii 


xviii 


CONCEPTUAL CHEMISTRY PHOTO ALBUM 


David Hopwood, sailing with his wife Hedi on their boat Dogs of Sabbatt. On 
the same page appears my brother-in-law Peter Elias along with his mom (my 
mother-in-law), Sharon Hopwood, as they perch on the branch of a tree made 
strong by its composite nature. Both Peter and Sharon were key players In the 
development of Conceptual Chemistry Alivel Also key to C24/ø2e!are my dear 
former students Kai Dodge and Maile Ventura who appear on page 345. Watch 
for Kai and Maile5 popular student-oriented video lessons with ŒC4Zøz!Key to 
my being accepted into the chemistry department family at St. Michael Col- 
lege ¡s Alayne Scholl, shown on page 316 tending to an entropy-driven exother- 
mIC reactIion. 

In addition to family photographs, the photographs of many of our friends' 
children grace this book. Ayano Jeffers-Fabro ¡s the adorable girl hugging the 
tree on page I1. Jill Rabinov and her daughter Michaela appear on page 47 
demonstrating the chemical nature of biological prowth. Cole Stevens, who 1s 
seen on page 256, helps us to be amazed by what happens to the volume of 
water as it Íreezes. Helping us to understand the nature of DNA ïn the Chapter 
13 opener are Daniel and Jacob Glassman-Vinci. Makani Nelson, on page 432, 
provides us with a ñne example ofa human body full of cells and biomolecules. 
Look also for Makanis cameo appearance on the opening montage video of 
Coøccptual Cbemistry AlzuefWe are born with the desire to learn about our envi- 
ronment and our place in it. Let the sparkle of curiosity in the eyes of the many 
kids portrayed ¡in this textbook serve as a reminder of this important fact. 
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TO THE STUDENT 
§§ 


l||£em to the world ofchemistry—a world where everything around you can 
be traced to these incredibly tiny particles called atoms. Chemistry ¡is the 
study ofhow atoms combine to form materials. By learnine chemistry, you gain a 
unique perspcctive on what things are made ofand why they behave as they do. 

Chemistry is a science with a very practical outlook. By understanding and 
controlling the behavior of atoms, chemists have been able to produce a broad 
range of new and useful materialsalloys, fertilizers, pharmaceuticals, poly- 
mers, computer chips, recombinant DNA, and more. These materials have 
raised our standards of living to unprecedented levels. Learning chemistry, 
therefore, ¡is worthwhile simply because of the impact this ñeld has on society. 
More important, with a background in chemistry you can judge for yourself 
whether or not available technologies are in harmony with the environment and 
with what you believe to be ripht. 

Thís book presents chemistry conceptually, focusing on the concepts of 
chemistry with little emphasis on calculations. Though sometimes wildly 
bizarre, the concepts of chemistry are straiphtforward and accessible—all ït takes 
1s the desire to learn. What you wilÏ gain from your efforts, however, may be 
more than new knowledge about 
your environment and your personal 
relation to I—you may improve your 
learning skills and become a better 
thinker! But remember, just as with 
any other form of training, you ÌÍ get 
out ofyour study of chemistry only as 
much as you put in. 

I enjoy chemistry, and I know you 
can, too. So put on your boots and 
lets go explore this world from the 
p€rspective of its fundamenral build- 
¡ng blocks. 


Good chemistry to youl 


ẠWG SEN 


".... 


TO THE INSTRUCTOR 
Bãi 


l} Instructors, we share a common desire for our teaching efforts to have a 
long-lasting positive impact on our students. We focus, therefore, on what 
we think ¡is most important for the student to learn. For students taking 
liberal arts chemistry courses, certain learning goals are clear. They should 
become familiar with and, perhaps, even interested ¡in the basic concepts of 
chemistry, especially the ones that apply to their daily lives. They should 
understand, for example, how soap works and why ice floats on water. They 
should be able to distinguish between stratospheric ozone depletion and 
global warming, and also know what ít takes to ensure a safe drinking water 
supply. Along the way, they should learn how to think about matter from the 
P€rspective of atoms and molecules. Furthermore, by studying chemistry, 
students should come to understand the methods of scientifc inquiry and 
become better equipped to pass this knowledge along to future generations. 
In short, these students should become citizens of above-average scientifc 
literacy. 

These are noble goals, and ít is crucial that we do our best to achieve them. 
Judging from encounters with my former liberal arts students in the midst of 
their daily lives, however, Ï have come to conclude that this is not what they usu- 
ally cherish most from having taken a course in chemistry. Rather, it is the per- 
sonal development they experienccd through the process. 

As all science educators know, chemistry—with its many abstract concepts—— 
is fertile ground for the development of higher-thinking skills. Thus, it seems 
reasonable for us to share this valuable scientiic offering—tempered to an 
appropriate level——with all students. Liberal arts students, like all other stu- 
dents, come to college not just to learn about scientifc subJects but for personal 
growth as well. This growth should include improvements ¡n their analytical 
and verbal-reasoning skills along with a boost in self-confidence from having 
successfully met well-placed challenges. The value of our teaching, therefore, 
rests not only on our ability to help students learn chemistry but also on our 
ability to help them learn about themselves. 

These are the premises upon which Cøøeeørzz/ CÖe/s£ry Wwas Written. You 
will fínd the standard discussions of the applications of chemistry, as shown in 
the table of contents. Irue to ¡ts title, this textbook also builds a conceptual base 
from which nonscience students may view nature more perceptively by helping 
them visualize the behavior ofatoms and molecules and showing them how this 
behavior gives rise to our macroscopic environment. Numerical problem-solv- 
¡ng skills and memorization are not stressed. Instead, chemistry concepts are 
developed in a story-telling fashion with the Írequent use of analogies and 
tightÌy integrated illustratlons and photographs. Follow-up end-of-chapter 
questions are desiegned to challenge the students understanding ofconcepts and 
their ability to synthesize and articulate conclusions. Concurrent with helping 
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students learn chemistry, 2ceø/al CÖjewsfzy aims to be a tool by which 
students can learn how to become better thinkers and reach their personal goals 
of selfˆdiscovery. 


ORGANIZATION 


The basic concepts of chemistry are developed ¡n the ñrst 12 chapters of 
Coøcep£ual Chemzsiry. Threaded into the development, real-life applications 
facilitate the understanding and appreciation of chemistry concepts. In the 
remaining 7 chapters, students have the opportunity to exercise their under- 
standing of earlier material as they explore numerous chemistry-related topics 
such as nutrition, genetic engineering, pharmaceuticals, agriculture, Wat€f treat- 
ment facilities, air pollution, modern materials, and energy sources. 


FEATURES 
Key features of Cøcep#al Cbezz/szzy include the following: 


8A conversauonal and clear wriung styÏle aimed at engaging student interest. 


m In-text Concept Checks that pose a question followed by an immediate 
answer. These questions reinforce ideas just presented before the student 
ImOv€s on to new concepts. 


s=.Hands-On Chemistry activities that allow students to experience chemistry 
outside a formal laboratory setting. These activities can be performed using 
common household ingredients and equipment. Most chapters have two or 
three Hands-On features, which lend themselves welÏ to distance learning or 
tO In-cÌasS aCtIVILI€S. 


= Calculation Corners appear ¡n selected chapters. They are included so that 
students can practice the quantitative-reasoning skills needed to perform 
chemical calculations. In cach Calculation Corner, an example problem and 
answer show students how to perform a specific calculation; then their under- 
standing ¡s tested in a Your Turn section. None of the calculations involves 
skills beyond fractions, percentages, or basic algebra. 


m= Each chaprer includes four to six FYI margin features that highlipht interesting 
Iinformation relating to the adjacent chapter content. Ân accompanying web 
reference points the student in the direction ofadditional interesting tid-bits. 


= In the Spotlight essays appear after each of the first 12 chapters. These essays 
focus on chemistry-related issues that lend themselves to controversy. A Spot- 
light essay can serve as a starting point for a student project or as a centerpiece 
for in-class student discussion groups. 


= Conceptual Chemistry Alive! ¡s a student tutorial presented by the author 
on a single DVD-ROM found in every textbook. This extensive tutorial 
features over 200 minilectures, demonstrations, animations, home chemistry 
proJects, and explorations of chemistry in the community. Students browse 
through over 24 hours of Quicktime movies in an interactive environment 
that follows the C27c¿ø/a/ Cðezzzs£zy tabÌe oŸ contents. After viewing a 
segment, students answer Concept Checks that encourage them to test their 
understanding of key material before progressing further. Á studentS answer 
to these Concept Checks are recorded ¡in an electronic notebook that can be 
submitted to an instructor for assessment. More than a study supplement, 
Conceptual Cbenistry Al7uel is a textbook companion suitable for distance- 
learning programs and for instructors seeking to free up class time Íor 
student-centered curricula. 


Extensive end-of-chapter material includes: 


ø Key lerms A short summary o£important terms that appear boldfaced in the 
t€XI. 


ø Chapter Highlights A set of 30 easy-to-answer questions that highlighrt the 
essentials of the chapter. Designed as a quick review, these questions are 
groupcd by chapter section to help the student in ñnding the answer. 


ø Concept Building An extensive set of questions designed to challenge stu- 
dent understanding of the chapter material and to emphasize critical thinking 
rather than mere recall. Ïn many cases, a “concept builder” links chemistry 
concepts to familiar situations. 


4 Supporting Calculations A set of questions featuring concepts that are more 
clearly understood with numerical values and straightforward calculations. 
They are based on information presented ¡n the Calculation Corners and 
therefore appear only in chapters containing this featurce. 


s= Difficulty Ratings All Concept Builders and Supporting Calculations are 
rated by their level of diffculty to assist you and the student in selecting 
among the numerous questions. The solutions to all odd-numbered Concept 
Builders and Supporting Calculations appear in Appendix C. The solutions 
to all end-of-chapter questions appear within the Instructor Manual. 


m Discussion Questions In the topical chapters (13-19), students are 
prompted to express their opinions on issues that have no defnitive answers. 
Thịs ïs similar to the discussion questions found within the interchapter 
Spotlight essays. These questions promote student debate about controversial 
ideas. 


ø Hands-On Chemistry Insights The “insights” are a follow-up to the Hands- 
On Chemistry activities. These insights are designed to ensure that the stu- 
đent is getting the most out of performing the Hands-On activities and also 
to clear up any misconceptions that may have developed. 


4 Exploring Further The references provided here serve as a bibliography 
allowing the student to research the ideas of the chapter for him or herself. 


NEW TO THE THIRD EDITION 


Cøøwceptual Cbemsiryš Thứ Edition is a major revision of the textbook as well 
as its many supplements. In all of these revisions, the main focus has been on 
creating tools that support the instructor seeking to emphasize student-centered 
learning in the classroom and beyond. 

For the textbook, this has meant the creation of new interchapter In the Spot- 
light essays and marginal FYIs as described above. The aim ofsuch features is to 
help reveal how the concepts of chemistry are central to students` lives, especially 
in these modern times. Also, the end-of-chapter questions have been extensiveÌy 
reworked to provide ample opportunity for student assessment. Notably, select 
Concept Builders and Supporting Calculations appear within the Instructor 
Resource CD-ROM ¡in a multiple-choice format amenable to “Phink-Pair- 
Share” teaching techniques as described in the Instructor Manual. Most signil- 
cant ¡s the inclusion o£ the full version of Cøøzcepzwal Cbhemw¿stry Alzuel now 
housed on a single DVD-ROM. This DVD-ROM, found ¡in every textbook, 
contains minilecture presentatlons organized around the Third Edition$s table 
of contents. Using this DVD-ROM, students can access chemistry lectures 
whenever and wherever they have access to a computer. CÏass sessions can then 
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become a time more dedicated to various student-centered learning techniques, 
such as Process Oriented Guided Inquiry Learning (POGIL). In other words, 
students can “go home for their lectures,” but they come to class to study under 
the expert supervision of their course instructor. 

Accompanying the Third Edition are two new student supplements; this 
includes the Š⁄2#ÿ G2, consisting of detailed chapter summaries, numerous 
POGIL oriented worksheets, study group questions, and RATS, which are 
#eadiness 4ssurance 7ests desipned to help the student gauge how prepared he 
or she may be for an exam. RATS are particularly popular with students, which 
¡s why I have my students perform their RATS in class during the period pre- 
ceding an exam. 

In contrast to the minds-on approach of the study guide is EX?/27/707 77! 
Conceptual Cbemistry: A Srdlent Actuity Manualwritten by Jeff Paradis of Cali- 
fornia State University-Sacramento. Unlike the laboratories ofa traditional lab 
manual, these activitiles are short and relatively easy to set up. They can be 
scheduled directly into the course syllabus or alternatively pulled topether “on 
the fy” based upon student need as the semester progresses. [he maJority of 
these activitles can be performed by students during class, which ¡s a surelre way 
to maintain student interest. Many can also be performed by students outside 
of class as prescribed by the instructor. The primary goal of this booklet is to 
allow the student to learn chemistry by doing chemistry. 

As can be expected, the creation of the Third Edition allowed for further 
improvements ¡n the readability of the text and for the correction oÊ inaccu- 
racies appearing ¡n earlier editions. Content changes were also made. The 
most signiRcant of these changes include a reworking of the presentation of 
the scientiic method as found in Chapter 1. For Chapter 9, the section on 
entropy was greatly revised. For Chapter 10, Lewis acids and bases are now 
discussed, and for Chapter 17 a new section on gas laws was added. The top- 
ical chapters of this textbook, Chapters 13—19, were also updated to refect 
Current evenrs. 


SUPPORT PACKAGE 


The Cøzcøal Cðezzzs£ry Instructional package provides complete support 
materials for both students and faculty. 


m8 Cozccp£ual Cjewszy 47el1s a student tutorial presented by the author on a 
single DVD-ROM ¡ncluded with every Third Edition textbook. Students 
obraining a used DVD-ROM can renew the C17z/ registration on-Ìine at 
www.ConceptChem.com, which ¡s the technical support website for all 
Conccptual Cherwzstry 47ue users. 


m= Š⁄⁄4y GŒ/de for Conceptal Cjeếmstrÿ features engaging minds-on, pencil- 
pushing, concept-review activities designed to help students working collab- 
Oratively to prepare for exams and learn chemistry throueh that process. Avail- 


able for purchase (ISBN 0-8053-1789-9). 


8 Explordtoms in Conceptual Cbemisiry: A Student AcHu/ty Mamual features 
hands-on activitiles that help students learn chemistry by doing chemistry in a 
discovery-based team environment. Available for purchase (ISBN 0-8053- 
8289-5). 


m. 77£ Cemzstry Pizcc website (www.aw-bc.com/chemplace) ¡is a unique study 
tool that offers detailed learning objectives, practice quizzes, flash cards, and 
web links for cach chapter of the text. 7e CØ£zz/s£zy P/zee also incÌudes inter- 


active tutorials featuring simulations, animations, and 3-D visualization 
toolÏs. 


=9lent Laboratory Mlanwual for Conceptual Cbemzsiry, coauthored with Donna 
Gibson, Chabot College, features laboratory activities tightÌy correlated to 
the chapter content. Available for purchase (ISBN 0-8053-8232-1). 


s \Written by the author, the 72s/zc£øz Ä22Í1s an important resource for the 
instructor seeking to implement student-centered learning techniques, such 
as “think-pair-share,” “student-centered circles,” “minute qu1zzes,” “student 
mini-presentations with activity intervals,” “muddiest points,” “readiness- 
assurance tests,” “collaborative cxams,” and more. Ïn addition to discussions 
on student-centered learning, the 7zz/zcfør Mazal contains sample syllabi, 
teaching tips, sugeested demonstrations, and answers to all end-of-chapter 
questions. Also included are answers to alÌ questions and worksheets appear- 
¡ng in the Š⁄⁄) Guz2de, Exploratioms ín Coraceptual Cbemistry: 4| Siudent ẢcHU- 
7y Mzzwzl, and the Lab Mznza Discussions on how to prep for guided 
inquiry activities and laboratories are also included (ISBN 0-8053-8228-3). 


s The 7zz/zcør Resouzce CD-ROM contains the extensive PowerPoint presenta- 
tions developed by the author in making Cøcepf4J Cbewisứry Al7uel Ïnstruc- 
tors using Cøcep£al Cjezzszy may adapt these PowerPoints for their own 
electronic presentations. To further support such electronic presentations, 
these CIDs also contain all of the fñgures and tables from the textbook in ]PG 
format. Also included are the authorS favorite Test Bank and end-of-chapter 
Concept Builder questions in multiple-choice format. TÌhese are the same 
questions that appear in the student 524 Œ/2£as short-answer “study group 
exercises” and as RATS. Presented as “clicker” PowerPoints, these multiple- 
choice questions serve as useful in-class concept checks tightÌy integrated with 
the 92y Œzzze. The CD aÌso contains the Test Bank and 7zs/zc/øz ÄMzzzÍ In 
Word and PDE format (ISBN 0-8053-8223-X). 


1e Chemistry Place website (www.aw-bc.com/chemplace) provides learn- 
¡ng objectives, qu1zzes, Interactive tutorials, and a link to downloadable sup- 
plements. 


ø=-A setof250 four-color acetates of ñgures and tables from the text is available 
(ISBN 0-8053-8227-5). 


#. An extensive test bank comes in both printed format (ISBN 0-8053-8225-9) 
and on a cross-platform CD-ROM (SBN 0-8053-8226-7). A special section 
of this test bank contains multiple-choice versions of odd Concept Builders 
and Supporting Calculations. These multiple-choice questions are provided 
as a reward to students who have studied these questions at the end of each 
chapter where they appear In a short-answer format. 


#Course managemenr technologies available to qualiRied college adopters: 
Blackboard: http://cms.aw.com/blackboard 


CourseCompassTM; www.coursecompass.com 


In addition to ofering Blackboard, we also offer CourseCompass—a nation- 
ally hosted on-line course management system. AlÍ CourseCompass and Black- 
board courses offer preloaded content, including testing and assessment, 
Interactive web-based activitles, animations, web links, ilÏustrations, and pho- 
tos. To view a demonstration oŸany cours€, go tO WWwW.COUrsccompass.com. 
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Your forwarding such errors or inaccuracies to me would be greatly appreciated. 
Your questions, general commenrs, and criticisms are also welcome. I look for- 
ward to hearing from you. 
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Wow, Greod† Uncle Paull Before this chịckie 
exhqus†ed I†s inner spoace resources and poked 
Ou† of i†s shell, I† mus† have †Though† I† wos o† 
I†s las† momen†s. Bu† who† seemed like I†s end 
W0S q new beginning. Are we like chịckies, ready 
†o poke †Through †o qa new environmen† and 
new unders†anding of our place ¡in The universe? 
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Chemistry Is Integral 
†o Our Lives 


Science ls a Way of 
Understanding the Universe 


Scientists Measure Physical 
Quantities 


Mass Is How Much and 
Volume Is How Spacious 


Energy Is the Mover of Matter 


Temperature ls a Measure 
of How Hot——Heat It Is Not 


The Phase ofa Material 
Depends on the Motion of Its 
Particles 


Density Is the Ratio of Mass 
to Volume 


LOOKING AT THẺ WORLD 
OF ATOMS AND 
MOLECULES 
bó) 


From afar, a sand dune looks to be made of a smooth, contin- 
uous material. Up close, however, the dune reveals itselfto be 
made of tiny particles of sand. In a similar fashion, every- 
thỉng around us—no matter how smooth it may appear—ls 
made of basic units called atoms. Atoms are so small, how- 
ever, that a single grain of sand contains on the order of 125 
million trillion of them. There are roughÌy 2so,ooo times 
more atoms in a single grain of sand than there are grains of 
sand ïn the dunes of this chapter's opening photograph. 

As small as atoms are, there is rnuch we have learned 
about them.We know, for example, that there are more than 
1OO đifferent types of atoms, and they are listed in a widely 
recognized chart known as the periodic table. Some atoms 
link together to form larger but still incredibly small basic 
units of matter called molecules. As shown to the left, for 
example, two hydrogen atoms and one oxygen atom link 
together to form a single molecule of water, which you may 
know as H,O.Water molecules are so small that an 8-oz glass 
of water contains about a trillion trillion of them. 

Our wor]d can be studied at different levels of magnifica- 
tion. At the macroscopic level, matter is large enough to be 
seen, measured, and handled. A handful of sand and a glass 
of water are macroscopic samples of rmatter. At the micro- 
scopïc level, physical structure is so fine that ït can be seen 
only with a microscope. A biological celÏ is mmicroscopic, as is 
the detaiïl on a dragonfly's wing. Beyond the microscopic level 
is the submicroscopic—the realm of atoms and molecules 


and an ïmportant focus of chemistry. 
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® 11 Chemistry Is Integral to Our Lives 


hen you wonder what the Earth, sky, or ocean ¡s made oÉ, you are think- 

¡ng about chemistry. hen you wonder how a rain puddle dries up, 
how a car gets energy from gasoline, or how your body gets energy from the 
food you eat, you are again thinking about chemistry. By definition, chemistry 
¡s the study of matter and the transformations it can undergo. Matter ¡is any- 
thing that occupies space. Ít ¡s the stuff that makes up all material things——any- 
thing you can touch, taste, smell, see, or hear is matter. The scope of chemistry, 
therefore, is very broad. 

Chemistry is often described as a central science because it touches all the 
other sciences (Figure 1.1). Ït springs from the principles ofphysics, and it serves 
as the foundation for the most complex science of all—biology. Indeed, many 
of the great advances in the life sciences today, such as genetic engineering, are 
applications of some very exotic chemistry. Chemistry sets the foundation for 
the Earth sclences—geology, volcanology, oceanography, meteoroloøy——as well 
as for such related branches as archeology. Ït is also an important component of 
space sclence. Just as we learned about the origin of the moon from the chemical 
analysis of moon rocks in the early 1970s, we are now learning about the history 


FIGURE 1.1 


Chemistry ¡is a foundation for many other disciplines. (a) Biochemisrs analyzing 
ĐNA profles. (b) Meteorologist releasing weather balloon to study the chemistry of 
the upper atmosphere. (c) Technicians conducting DNA research. (d) Paleonrolo- 
gIsts preparing fossilized dinosaur bones for transport to laboratory for chemical 
analysis. (e) Astronomer studying the composition ofasteroids. 
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Transparent matrix of 
processed silicon 
đioxide (Chapter 18) 


Chemically disinfected 
drinking water 
(Chapter 16) 


Caffeine solution 
(Chapter 14) 


Thermoset polymer 
(Chapter 12) 


Prescription medicines 
stored in refrigerator 
(Chapter 14) 


Chlorofluorocarbon-free-L 
refrigerating fluids 
(Chapter 17) 


FIGURE 1.2 


Most of the material items in any modern house are shaped by some human-devised 
chemical process. 


of Mars and the solar system ¡tself from the chemical information gathered by 
space probes. 

Progress in science, including chemistry, is made by scientists as they conduct 
rescarch, which is any activity aimed at the systematic discovery and interpreta- 
tion of new knowledge. Basic research leads us to a greater understanding of 
how the natural world operates. Many scientists focus on basic research. The 
foundation of knowledge laid down by basic research frequently leads to useful 
applications. Research that focuses on developing these applications is known as 
applied research. The majority of chemists have applied research as their maJor 
focus. Applied research in chemistry has provided us with medicine, food, water, 
shelter, and so many of the material goods that characterize modern life. Just a 
few ofa myriad ofexamples are shown in Figure 1.2. 

Over the course o£ the 20th century, we excelled at manipulating atoms and 
molecules to create materials to suit our needs. At the same time, however, mis- 
takes were made when ¡t came to caring for the environment. Ñaste products 
were dumped into rivers, buried in the ground, or vented into the air without 
regard for possible long-term consequences. Many people believed that Earth 
was sO large that its resources were virtually unlimited and that it could absorb 
wastes without being significandy harmed. 

Most nations now recognize this as a dangerous attitude. Âs a result, govern- 
ment agencies, industries, and concerned citizens are involved in extensive efforts 
to clean up toxic-waste sites. Such regulations as the International ban on ozone- 
destroying chlorofluorocarbons have been enacted to protect the environment. 
Members of the American Chemistry Council, who as a group produce 90 per- 
cent of the chemicals manufactured in the United States, have adopted a program 
called Responsible Care, in which they have pledged to manufacture withour 
causing environmenral damage. The Responsible Care propram——its emblem is 
shown in Eigure 1.3—is based on the understanding that just as modern rech- 
nology can be used to harm the environment, ít can also be used to protect 


Electrical energy from 
a fossil fuel or nuclear 
power plant (Chapter 19) 


Metal alloy 
(Chapter 18) 


Roasting carbohydrates, 
fats, proteins, and vitamins 
(Chapter 13) 


Natural gas laced with 
odoriferous sulfur 
compounds (Chapter 12) 


Fertilizer grown vegetables 
(Chapter 15) 


FIGURE 1.3 


- The Responsible Care symbol 
of the American Chemistry 
Council. 
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.= The 2oo6 proposed federal 


budget for nondefense scientific 
research and development (R&D) 
was 557 billion. The proposed 
budget for scientific R&D related 
†o national defense was 
S75 billion. 

MORE TO EXPLORE: 
American Association for the 
Advancement of Science 
WWW.aaas.Org/spp/rd 


the environment. For example, by using chemistry wisely, most waste products 
can be minimized, recycled, engineered into sellable commodities, or rendered 
environmentally benign. Fortunately, such approaches also usually lead to greater 
profits, which encourages companIes to make these innovations. 

Chemistry has infuenced our lives in profound ways and will continue to do 
so ¡n the future. For this reason, ït is in everyone5 Interest to become acquainted 
with the concepts of chemistry. A knowledge of chemistry gives us a handÌle on 
many of the questions and issues we Íace as a society. Are generic medicines 
really just as effective as brand-name ones (Chapter 14)? Should food supple- 
ments be federally regulated (Chapter 15)? Is genetically modifcd food safe 
(Chapter 15)? Should Ñuoride be added to local water supplies (Chapter 16)? 
WWhat is happening to stratospheric ozone, and how does this problem differ 
from the problem ofglobal warming (Chapter 17)? Why is it Important to recy- 
cle (Chapter 18)? What should be our primary energy resources in the future 
(Chapter 19)? At some point, either we or the people we elect will be consider- 
¡ng questions such as these, as the scene ¡in Figure 1.4 illustrates. The more 
informed we are, the greater the likelihood that the decisions we make will be 
øood ones. 


Chemists have learned how to produce aspirin using petroleum as a start- 
ng material. Is this an exarnple of basic or applied research? 


Was this your answer? This is an example of applied research because the 
primary goal was to develop a useful commodity. However, the ability to pro- 
duce aspirin from petroleum depended on an understanding ofatoms and 
molecules, an understanding that came from many years of basïc research. 


FIGURE 1.4 


More than 70 percent ofall legislation placed before the Congress of the United 
States addresses science-related questions and issues, and many of these issues per- 
tain to chemistry. Learning about science is an important endeavor for all 
citizens, particularly those destined to become leaders. 
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cience has given us much. Qur modern world is built upon ¡t. Nearly all 
forms of technology——from medicine to space travel——are applications of 
science. But what exactly ¡s this amazing thing called se/zze How should sci- 
ence be used? Where did science come from Why is ït so Important? 

Science is an organized body ofknowledge about nature. Ït ¡s the product of 
observations, common sense, rational thinking, and (sometimes) brilliant 
insights. People usually do science with other people—it is very much a com- 
munal human endeavor. Science has been buiÏt up over thousands of years and 
gathered from places alÏ around the world. It is a huge gift to us today from the 
thinkers and experimenters of the past. 

Yet science is more than a body ofknowledge. Science is a method by which 
we can cexplore our natural environment and effectively discover Its secrets. 
Consider, for example, a scientist who ¡s puzzled by an observation that arises 
in the course of her daily work. She ponders the bizarre observation in light of 
what she already knows. After some strugele, which includes opening her mind 
to a myriad of possibilities, she makes a creative, imaginative leap and is struck 
by a new idea. If this new idea were true, she realizes, ir would explain the 
bizarre observation. It would also give her insight into areas she has yet to 
explore. 

“This, in a nutshell, is what sclence ¡1s all about——it Is a 
process by which new ideas are created to help explain 
what we observe in nature, both out-of-doors and ¡in the 
laboratory. The new idea with its explanatory powers is 
called a /yøøz2eszs. The hypothesis ¡is a scientifc hypo- để: 
thesis when, and only when, ¡t can be tested. The more 
tests that the scientiRc hypothesis passes, the greater the 
confdence we have that the hypothesis is true. However, 
1f the hypothesis fails even one test, then the hypothesis is 
taken to be false. A new, more all-encompassing idea ïs 
needed. | 

The experience of do¡ing scIence does not follow any pre- 
scribed path. What matters is that the scientist is engaged 
in activities leading to new discoveries or greater under- 
standings. One of the frst activities tends to be the asking 


o£ a broad question of interest to the scientist, such as: SG 


“Where did the moon come from?” or “Can we efficiently 
create hydrogen from water using direct solar energy?” or 
“When did humans first arrive in North America?” All 
other activities are guided by this broad quesuon. These activities will likely 
include: learning about what is already known, making observations, narrow- 
¡ng the focus of the research to something manageable, asking specific ques- 
tions that can be answered by experiment, documenting expcctatlons, 
performing experiments, confrming the results oŸ experiments, refecting 
about what the results might mean, and, most importantÌy, communicating 
with others. 

The order in which these and other science-oriented activities are per- 
{ormed are wholly up to the scientist, as illustrated by the wheel of scientifc 
inqurry in Figure 1.5. No cookbooks. No algorithms of logic. Just equipment, 
a blank lab notebook, some self-discipline, and a healthy dose of creative 
curiosity. Thĩs is the scIentifc spIrIt. 
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Science is no† jus† a se† 
©f fac†s, bu† qa process for 
discovering more fac†s. 


Learn What | 
ls Known | 
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FIGURE 1.5 


'Thịs wheel ¡llustrates the essen- 
tial activities conducted by scien- 
tists. The Íirst activity, shown in 
the center, is the asking ofa 
broad question that defñnes the 
scope of research. Ït is usually 
based upon the scientistS partic- 
ular interests. The scIentist can 
then move among all the various 
activitles in unique paths and 
repeat activitles as often as he or 
she ñnds necessary. 


6 CHAPTERT CHEMISTRY IS A MOLECULAR SCIENCE 


FIGURE 1.6 


The Chemical Ecology of 
Antarctic Marine rpganisms 
Research Project was Initiated in 
1988 by James McClintock, 
shown here (ñfth from left) with 
his team of colleagues and 
research assistants. In 1992, he 
was joined by Bill Baker (second 
from right). Baker ¡s shown in 
the inset dressing for a dive into 
the icy Antarctic water. Like 
many other science projects, this 
one was interdisciplinary, involv- 
¡ng the efforts of scientists from a 


variety of backpgrounds. 


tị 
s Miles beneath the Antarctic ice 

._ sheets there are lakes that have 

__ been secluded for millions of 
years. The conditions within these 
lakes are similar to what may exist 
beneath the ice sheets of Jupiter's 
moon Europa. Evidence suggests 
that these Antarctic lakes may 
contain microscopic life. lf true, 
this adds to the possibility of life 
forms on Europa. For current 
information, enter “Lake Vostok” 
into your Internet search engine. 

¡_ MORE TÔ EXPLORE: 

__ National Science Foundation, 
Office of Legislative & Public 
Affairs 

__ WWW sf.gov/od/lpa/ 


FIGURE 1.7 


(a) The graceful Antarctic sea but- 
terfy is a species of snail that does 
not have a shell. 

(b) The shrimplike amphipod 
atraches a sea butterfly to Its back 
even though do¡ng so limits the 


amphipod mobility. 


A STUDY OF SEA BUTTERFLIES ILLUSTRATES THE PROCESS OF SCIENCE 
The scientifc process is aptly illustrated by the efforts ofan Antarctic research 
team headed by James McClintock, professor of biology at the University of 
Alabama at Birmingham, and Bill Baker, professor of chemistry at the Univer- 
sity of South Florida, both shown ¡in Figure 1.6. One aspect of their research 
involved studying the toxic chemicals Antarctic marine organisms secrete to 
defend themselves against predators. McClintock and Baker observed a bizarre 
relationship between two animal species, a sea butterfly and an amphipod— 
a relationship that led to a series of scientifc activities. 


s Broad Question. What is the ecology of Antarctic marine organisms? 


s8 Making Observations. The sea butterfly 7ø Zøzrcf/cz 1s a brighly col- 
ored, shell-less snail with winglike extensions used ¡in swimming (Eigure 
1.7a), and the amphipod jperzlz đ7/zzứz resembles a small shrimp. 
McC]intock and Baker observed a large percentage of amphipods carrying sea 
butterflies on their backs, with the sea butterfies held tightÌy by the hind legs 
of the amphipods (Eigure 1.7b). Any amphipod that lost its sea butterfly 
would quickly seek another—the amphipods were actively abducting the sea 
butterfies! 


(a) 
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Narrowing the Focus. McClintock and Baker nored that amphipods carry- 
¡ng sea butterflies were slowed considerably, making the amphipods more 
vulnerable to predators and less adept at capturing prey. So why did they 
carry the sea butterflies? They considered this to be an interesting puzzle, and 
so they made ít the {ocus oftheir efforts. 


Documenting Expectations. Given their experience with the chemical 
defense systems of various sea organisms, the research team hypothesized that 
amphipods carry sea butterflies because the sea butterflies produced a chemi- 
cal that deters a predator of the amphipod. Based upon their hypothesis, they 
predicted (a) that they would be able to isolate this chemical and (b) that an 
amphipod predator would be deterred by it. 


Performing Experiments. To test their hypothesis and prediction, the 
researchers captured several predator ñsh species and conducted the tests 
shown in Figure 1.8. The ñsh were presented with solitary sea butterfies, 
which they took into their mouths but promptly spit back out. The ñsh read- 
1Ìy ate uncoupled amphipods but spit out any amphipod coupled with a sea 
butterfy. 


Reflect on Findings. These are the results expected ¡f the sea buttery was 
secreting some sort of chemical deterrent. The same results would be 
obtained, however, ¡f the predator ñsh simply didnt like the feel of the 
sea butterfy ¡n its mouth. The results of this simple test were therefore 
ambiguous. 


Conffrming Results. All scientific tests need to minimize the number ofpos- 
sible conclusions. Often this is done by running an experimenrtal test along- 
side a control test. Ideally, the two tests should differ by only one variable. 
Any differences in results can be attributed to how the experimental test dif- 
fered from the control test. A control test, therefore, could be used to confrm 
that the deterrent was chemical and not physical. 


Performing Experiments. The researchers made one set offood pellets con- 
taining both fish meal and sea butterfly extract (the experimental pellets). For 
their control test, they made a physically identical set containing only ñsh 
meal (the control pellets). As shown ¡in Eigure 1.9, the predator fsh readily 
ate the control pellets but not the experimental ones. The results strongly 
supported the chemical deterrent hypothesis. 


Make Observations. Further processing of the sea-butterfy extract yielded 
ñve major chemical compounds, onÏy one of which deterred predator fsh 
from cating the pellets. Chemical analysis of this compound revealed ít to be 
the previously unknown molecule shown in Eigure 1.10, which they named 
pteroenone. 


Refect on Findings. As frequently happens in science, McClintock and 
BakerS results led to new questions. hat are the properties of pteroenone? 
Does this substance have potential for treatine human disease? In fact, the 
majority of the drugs prescribed ¡n the United States were developed by 
chemists working with naturally occurring material. As we explore further in 
Chapter lá, this is an important reason to preserve marine habitats and trop- 
Ical rain forests, which house countless yet-to-be-discovered substances. 


Communicate with Others. Professors McClintock and Baker were 
members of a research team that involved many other rescarchers. Natu- 
rally, through the course of their research there were ample discussions 
among the team that drove the research forward. Eventually a point was 


(c) Sea butterfly 


(b) Experimental 


and amphipod 


FIGURE 1.8 


In McClintock and Baker5 initial 
experiment, a predatory fñsh (a) 
rejected the sea butterfy, (b) ate 
the free-swimming amphipod, 
and (c) rejected the amphipod 
coupled with a sea burterfy. 


(a) Control 


pellets 


cào 


pellets 


FIGURE 1.9 


The predator ñsh (a) ate the con- 
trol pellets but (b) reJected the 
experimenral pellets, which con- 
tained sea-butterfly extract. 
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0£ 


Pteroenone 


Pteroenone is a molecule pro- 
duced by sea butterflies as a 
chemical deterrent against preda- 
tors. Its name Is derived from 
pt££ro-, which means “winged” 
(for the sea butterfy), and 
~ezoøe, which describes Informa- 
tion about the chemical struc- 
ture. The black spheres represent 
carbon atoms, the white spheres 
hydrogen atoms, and the red 
spheres oxygen atoms. 


Roy Plunkett (right) and his col- 
leagues poS€ for this Teenactmment 
photograph of their discovery of 
Teflon. Their success was due in 
øreat part to their CuriOSIY. 


CHEMISTRY IS A MOLECULAE SCIENCE 


reached where McClintock and Baker were sufficiently sat- 

isfed with their research that they sought to publish their 

fndings in a professional journal. Their article, however, 

frst had to be reviewed by other scientists familiar with 

_ this area of research but not directly involved. Critiques 

were provided and the decision was made as to whether the 

research met scientifc standards. Only after the reviewers 

gave the research a green light was the article published 

so that others, such as yourself, would be able to learn of 

——_ their interesting discoveries. The researchers also have the 

option of communicating their research through regional 

and national scientiic conferences, where the interchange ofideas is most 
dynamic. 


REPRODUCIBILITY AND AN ATTITUDE OF INOUIRY ARE ESSENTIAL 
COMPONENTS OF SCIENCE 

In addition to running control tests, scientists confirm experimenrtal results 
by repeated testing. The Antarctic researchers, for example, made many food 
pellets, both experimental and control, so that each test could be repeated 
many times. Cnly after obtaining consistent results can a scientist begin to 
decide whether the hypothesis in question is supported or not. 

If there ¡s an undetected variable or Ñaw in an experiment, It doesnt matter 
how many times the tests are repeated. Measuring your weight on a broken 
scale is a good example ofa Ñawed procedure——no matter how many times you 
step on the scale, the weight you measure will be wrong 
evcry time. Similarly, had the Antarctic researchers not 
been careful to make sure the fsh in the experimenrtal 
and control tests were equally hungry and of the same 
species, their results and conclusions would have been 
unreliable. 

Because of the great potential for unseen error in any 
procedure, the resuÏts ofa scientific experiment are con- 
sidered valid only ¡f they can be reproduced by other 
scientists working ¡n similarly equipped laboratories. 
This restricrion helps to confirm the experimenral 
results and lends more credence to an interpretation. 
Reproducibility ¡s an essential component of science. 
Without it, the understandings we gain through scIence 
become questionable. 

The success of science has much to do with an 
2£f/le common to scientists. This attitude is one of 
Iinquiry, experimentation, honesty, and a faith that all 
natural phenomena can be explained. Accordingly, 
many scientilc discoveries have involved trial and error, 
experimentation without guessing, or Just pÏain acci- 
dental discovery. In the late 1930s, for example, the 
DuPont researcher Roy Plunkett and his colleagues, 
shown in Eigure 1.11, filled a pressurized cylinder with 
a gas called tetrafuoroethylene. The next morning they were surprised to dis- 
cover that the cylinder appeared emprty. Not believing that the contents had 
simply vanished, they hacksawed the cylinder apart and discovered a white 
solid coating the inner surface. Driven by curiosity, they continued to Inves- 
tigate the material, which eventually came to be known and marketed as the 


highly useful polymer Tefon”. 
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cK 
Why is ït important for a scientist to be honest? 


Was thỉs your answer? Any discovery made by a scientist is subject to the 
scrutiny and testing of other scientists. Sooner or later, mistakes or wishful 
thinking or even outright deceptions are found out. Honesty, so important 
†o the progress of science, thus becomes a matter of self-interest. 


A THEORY IS A SINGLE IDEA THAT HAS GREAT EXPLANATORY POWER 


Periodically, science moves to a point where a wide range ofobservations can be 
explained by a single comprehensive idea that has stood up to repeated scrutiny. 
Such an idea is what scientists call a theory. Biologists, for instance, speak of 
the /ð£øry øf1a#uzal selecton and use ït to explain both the unity and the diver- 
sity of Hife. Physicists spcak of the /2eøry øƒz£lz/707#y and use It to explain how 
we are held to Earth by gravity. Chemists speak of the /2/øzy øƒ2Öe z/ø and use 
it to explain how one material can transform Into another. 

Theories are a foundation of science, but they are not ñxed. Rather, they 
evolve as they go through stages of redelnition and refinement. Since It was ñrst 
proposed 200 years ago, for example, the theory of the atom has been repeatedly 
relned as new evidence about atomic behavior has been gathered. Those who 
know little about science may argue that scientific theories have little value 
because they are always being modifed. Those who understand science, how- 
ever, see it diferently——theories ørow stronger as they are modifed. 


SCIENCE HAS LIMITATIONS 


Science is a powerful means of gaining knowledge about the natural world, but 
ít is not without limitations. No experiment can ever prove defnitively that a 
scIentiic hypothesis is correct. WƑhat happens instead ¡s that we gain more and 
more confidence in a hypothesis as it continues to be supported by the results of 
many different experiments conducted by many different investigators. [Ý any 
experimenral result contradicts the hypothesis, and ¡f this result is reproducible, 
the hypothesis must be either discarded or revised. Even the most ñrmly planted 
theories are subject to this same scrutiny. 

Science deals only with hypotheses that are testable. As such, its domain 1s 
restricted to the observable natural world. While scientiic methods can be used 
to debunk various claims, sclence has no way of verifying testimonies Involving 
the supernatural. The term s2£z7z2/zz7⁄i]iteralÌy means “above nature.” ScIence 
works within nature, not above ¡t. Likewise, sclence 1s unable to answer such 
philosophical questions as “What is the purpose of Hife?” or such religious ques- 
tions as “hat is the nature o£ the human spirit?”“Though these questions are 
valid and have great importance to us, they rely on subjective personal experi- 
ence and do not lead to testable hypotheses. 


cK D 
Which statemert is a scienfifichypothesis? 
a. The moon is made of SWwiss cheese. 
b. Human consciousness arises from an essence that is undetectable. 


Was thỉs your answer? Both statements attempt to explaïn observed phe- 
nomena, and so both are hypotheses. Only statemernt (a) is testable, how- 
ever, and therefore only statement (a) is a scienfific hypothesis. 


Although we shall never be able to detect the undetectable, we have traveled 
to the moon and found that it is not made o£ Swiss cheese (the last manncd 
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FIGURE 1.12 


Look deep, deep into space and 
this is what we see in aÌmost 
every direction. Each disc is one 
galaxy ofbillions of stars as they 
appeared billions of years ago. 


fight to the moon was in 1974). Analysis of moon samples has shown that the 
moon has a chemical composition very similar to that of Earth, a ñnding that 
led to more questions. For example, why are the moon and Earth of similar 
chemical composition? Ñere they once bound together as a sinple body that 
split apart billions of years aøo by some massive planetary collision? Continued 
experiments suggest yesl 


SCIENCE CAN LEAD TO PROFOUND NEW IDEAS 


Althoueh sclence cant directly answer philosophical or religious questions, what 
we learn from science can be so profound that ¡t challenges our philosophical or 
religious thought. Some 400 years ago, for example, it was once widely held that 
all celestial objects revolved around Earth. Then, using scientilc methods, peo- 
ple began to discover that Earth actually revolves around the sun. That Earth 
wasnt the center of the universe had a signiicant Impact on our philosophical 
and religious points of view. 

The lessons of science are humbling. They show us to be brief specks in a 
13-billion-year-old universe that has since expanded into a size unimaginably 
vast. How vast? Qur orbiting space telescopes are able to discern the light from 
billions upon billions of galaxies as they appeared towards the beginning of the 
universe, a phase referred to as the Big Bang (Figure 1.12). These galaxies are 
now some 42 billion light-years away.* Look this distance ¡in all directions and 
you have what cosmologists refer to as the 2ðsýzøzjie 1/uezsé. According to cur- 
rent models, however, If the entirety of the expanding universe were the surface 


* A light-year ¡s the distance light travels in one year, which ¡s about 9.5 trillion kilometers. The 
Star nearest to our sun ¡is about 4.2 light-ycars away. Qur sun, which is a medium-sized star, ¡s about 
26,000 light-years from the center ofour galaxy, the Milky Way, which measures about 100,000 lighr- 
years in diameter. The closest neighboring major galaxy, Andromeda, is about 2.5 million light-years 
away. These farthest visible galaxies as seen though space telescopes are about 42,000 million light- 
years away, which is the same as 42 billion light-years. 
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of Earth, the part observable to us would be smaller than a proton. Ãs we 
explore in this textbook, a proton ¡s thousands of times smaller than the smallest 
atom. The number of protons that could ñt within the surface of Earth 1s 
unimaginable, as is the vastness of the entire universe. T8 

Interestinely, the size of the universe is so large that IŸyou were to travel 'L 1/38 
meters in any direction, the probability ¡s that you would come across another 
observable universe identical to the one you are in ripht now. There you would 
fñnd a planet that looks exactly like Earth with someone who looks and thinks 
exactly like you, who is reading a book that looks exactly like the one you are read- 
¡ng now. What if this person ¡s actually a future you? Besides living very, very far 
away, the only measurable difference is that he or she has already finished reading 
this paragraph. Scientists call this the “many worlds” model, where each observ- 
able tniverse is static, repbresenting one possible arraneement of matter. Ñe donit 
move through time. Rather, we jump from one observable universe to the next, 
which gives the appearance of moving through time. Welcome. You have Just 
jumped to a new observable universe. The old one you Ïeft six sentences ago Is now 
ever so distant. 

Polls show that about haÏlf of American adults do not know that ít takes one 
year for Earth to go around the sun. Many of us, therefore, are still struggling 
with scientific ideas of 400 years ago. [you are hip to even a few of the natural 
wonders or amazing possibilities that science has recently revealed, then you can 
consider yourselfa privileged minority. 


SCIENCE HELPS US LEARN THE RULES OF NATURE 


Just as you cant enjJoy a balÏ game, computer game, or party game until you 
know its rules, so ít is with nature. Because science helps us learn the rules of 
nature, it also helps us appreciate nature. You may see beauty ¡n a tree, but you lÍ 
sec more beauty ¡n that tree when you realize that it was created from substances 
found notin the ground but primarily in the air—specifically, the carbon dioxide 
and water put into the air by respiring organisms such as yourself (Figure 1.13). 

Learning science builds new perspectives and is not unlike climbing a moun- 
tain. Each step builds on the previous step while the view grows ever more 
astounding. 


Sclence is a window †hrough which we ore 
qbl|e †o perceive na†ure wi†h qreafer clarify— 
if is a way of unders†anding no†ure. In using 
Concepfual Chem¡sfry, you wIll cer†ainly learn 
†he ways of sclence. Your ulfimo†e godl, 
however, should be †o use science †o help 
you goin œ richer perspec†ive on The nafurdl 
environmen† becquse you œre such an in†egrol 
par† of Tha† environmen†. 


FIGURE 1.13 


The tree Ayano huøs is made pri- 
marily from carbon dioxide and 
water, the very same chemicals 
Ayano releases throueh her 
breath. In return, the tree releases 
oxygen, which Ayano uses to sus- 
tain her life. ÑWe are one with our 
environment down to the level of 
atoms and molecules. 
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* 1.3 Scientists Measure Physical Quantities 


cience starts with observations. To get a ñrm handle on an observation, 
however, the observer should take measurements. For example, its not 
enouph to observe that a material has mass. A more complete observation will 
include both a measurement of how much mass and a measurement of how 
much volume this mass occupies. By quantifying observatlons, we are able to 
make objective comparIsons, share accurate information with others, or look for 
trends that might reveal some inner workings of nature. 

Scientists measure ø/Js7e2/ g2ø77//e. Some examples of physical quantities 
you will be learning about and using ¡n this book are length, time, mass, 
weieht, volume, energy, temperature, heat, and density. Any measurement ofa 
physical quantity must always include a number followed by a ø that tells us 
what was measured. Ít would be meaningless, for instance, to say that an ani- 
mai is 3 because the number by itself does not give us enough information. The 


CORNER~> 


UNIT CONVERSION 


EXAMPLE 


Convert 6o centimeters to meters. 


#4 Welcorne to Calculation Cornerl Conceptual Chemistry 
focuses on vỉisual mnodels and qualitative understand- 
ïngs. As with any other science, however, chemistry has 
ïts quantitative aspects. In fact, it is only by the interpre- 
tation of quantitative data obtained through laboratory 
experiments that chernical concepts can be reliably 


ANSWER 


(i meter) 


deduced. Thus, ït is only natural that there are times E1. (too centimeters ) mm. 
when your conceptual understanding of chemistry can 1 n ì 

be nicely reinforced by sorme simple, straightforward quantity conversion quantity 

calculations. in centimeters factor in meters 


To đerive a conversion factor,consult a table that presents 


ften in chemistry, and especially ïn a laboratory set- 

tỉng, ït is necessary to convert from one unit to 

another. To do so, you need onÌy multiply the gïven 
quantity by the appropriate conversion factor. All conver- 
sion factors can be written as ratios ïn which the numera- 
tor and denominator represent the equivalent quantity 
expressed in different units. Because any quantity divided 
by ïtself is equal to 1, alÏ conversion factors are equal to 1. 
For example, the following two conversion factors are both 
derived from the relationship 1oo centimeters = 
1meter: 


1meter 
1OO centimeters 


1OO centimeters _ 
1meter 


Because all conversion factors are equal to 1,multiply- 
ing a quantity by a conversion factor does not change the 
value of the quantity. What does change are the units. Sup- 
pose you rneasured an item to be 6o centimeters in 
length. You can convert this measurement to meters by 
multiplying it by the conversion factor that allows you to 
cancel centimeters. 


unit equalities, such as Table 1.1. Then rmultiply the given 
quantity by the conversion factor, and voïlà,the units are 
converted. Always be careful to write down your units. They 
are your ultirmate guide, tellĩng you what numbers go where 
and whether you are setting up the equation properly. 


YOUR TURN 


Multiply each physical quantity by the appropriate conver- 
sion factor to find ïts numerical value ïn the new unit indi- 
cated. You wïlÏl need paper, pencil, a calculator, and Tables 
1.1anđ1.2. 


a. 7320 grams to kilograms. 
b. 23s kilograms to pounds. 
c. 45OO miilliliters to lïters. 

d. 2.oliters to quarts. 

e. 1OO calories to kilocalories. 


f.. 1oO calories to joules. 


The answers ƒor Calculation Corners appear at the end oƒ each chapter. 
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animal could be 3 meters tall, 3 kiloprams in mass, or even 3 seconds old. 
Meters, kiloprams, and seconds are all units that tell us the significance of the 
physical quanty, and they must be included to complete the description. 

There are two major unit systems used in the world today. One ¡s the United 
States Customary System (USCS, formerly called the British System o£ Units), 
used in the United States, primarily for nonscientiffc purposes.* The other ¡s the 
Šystème International (SD, which ¡s used in most other natlons. This system is 
also known as the International System of Units or as the metric system. The 
orderliness of this system makes it useful for scientiffc work, and it ¡s used by sci- 
entists all over the world, including those in the United States. (And the Inter- 
national System ¡is beginning to be used for nonscientiic work ¡n the United 
States, as Figure 1.14 shows.) This book uses the SĨ units given in Table 1.1. On 
occasion, USCS units are also used to helb you make comparisons. 

One major advantage of the metric system ïs that it uses a decimal system, 
which means all units are related to smaller or larger units by a factor of 10. 
Some of the more commonly used preRxes along with their decimal equivalents 
are shown in Table 1.2. From this table, you can see that I kilometer ¡s equal to 
1000 meters, where the prefx &7Z/2- indicates 1000. Likewise, l millimeter ¡s 
equal to 0.001 meter, where the prefix z7/- indicates 2 ng: You need not 
memorize this table, but you wilÏ find ít a useful reference when you come across 
these prefixes in your course of study. 

The remaining sections of this chapter introduce some physical quantities 
important to the study of chemistry. In the spirit of the atomic and molecular 


TABLE 1.1 METRIC UNITS FOR PHYSICAL QUANTITIES AND THEIR USCS 
EOUIVALENTS 


Physical Metric 
Quantity Unit Abbreviation  USCS Equivalent 
length kilometer km 1km = o.621 miles (mi) 
meter m 1m =1.o94yards (yd) 
centimeter cm 1cm = o.3937 inches (ïn.) 
1in.= 2.54cm 
millimeter mmm none comnmonly used 
time second s second also used in USCS 
mass kilogram kg 1kg = 2.2os pounds (b) 
gram g 1g =O.O3528 ounices (oz) 
10z = 28.345 g 
milligram mg none commonlÌy used 
volume liter L 1L =1.O57 quarts (qt) 
milliliter mL 1mL = o.O339 fÌ 0z 
cubic centimeter  cm3 1cm3 = o.o339 fÌ oz 
energy kilojoule kl 1 kl = o.23o kilocalories (kcal) 
joule J 1J =O.239 calories (cal) 
1 caÌ = 4.184 J 
temperature degree Celsius sG (°C x1.8) + 32 = degrees Fahrenheit, °F 
kelvin K °*C+273=K 


*Two other countries that continue to use the USCS are Liberia and Myanmar. 


FIGURE 1.14 


The metric system ¡is ñnally mak- 
¡ng some headway ¡n the United 
States, where various commercial 
øoods, such as Evans favorite 
soda, are now sold in metric 
quantities. 
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LE 1.2  METRIC PREFIXES 


Decimal Exponential 
Prefix Symbol Equivalent Form Example 
tera- N 1,OOO,OOO,OOO,O0O. 1O”? 1terameter (Tm) = 1 trillion rneters 
giga- G 1,OOO,OOO,OOO. 1O9 1 gigameter (Gm) = 1 billion meters 
mnega- M 1,OOO,OOO. 1O? 1negameter (Mm) = 1 million meters 
kilo- k 1,OOO. 1O 1 kilometer (km) = 1thousand meters 
hecto- h 100. 1O? 1 hectometer (hm) = 1 hundred meters 
deka- da 1O. 1O' 1 đekameter (dam) = ten meters 
no prefix _— TP 1O° 1 meter (m) = 1 meter 
đeci- bi O.1 1O" 1 decimeter (dm) = 1 tenth of a meter 
centi- C O.O1 1191 1 centimeter (cm) = 1 hundredth of a meter 
milh- m O.OO1 103 1 millimeter (mm) = 1 thousandth of a meter 
micro- H O.OOO OO1 1O 8 1 micrometer (im) = 1 millionth of a meter 
nano- n O.OOO OOO OO1 1O-° 1 nanometer (nm) = 1 billionth ofa meter 
pico- p O.OOO OOO OOO OO1 TỌP= 1 picometer (pm) = 1 trillionth of a meter 


FIGURE 1.15 


The standard kilogram ¡s deined 
as the mass ofa platinum-iridium 
cylinder kept at the International 
Bureau of ®Weights and Measures 
In Sevres, France. [he cylinder ïs 
removed from its very safe loca- 
tion onÏy once a year for compari- 
son with duplicates, such as the 
one shown here, which ¡s housed 
at the Nauonal Insutute of Stan- 
dards and Technology in ÑWash- 
Iington, D.C. 


theme of Cøcep£„al Cðezs£r), these physical quantities are described from the 
point of view of atoms and molecules. In addition to physical quantities, the 
various phases of matter—solid, liquid, gas—are also described from the poinr 
of view ofatoms and molecules. 


*⁄ 1.4 Mass lsHow Much and Volume lIs How Spacious 


o describe a material object, we can quantify any number oŸ properties, 
but perhaps the most fundamenral property is mass. Mass is the quantita- 
tive measure of how much matter a material object contains. The greater the 
mass ofan obJect, the greater amount oÊ matter ¡n ít. A gold bar that is twice as 
massive as another gold bar, for example, contains twice as many gold atoms. 

Mass ¡s also a measure ofan objects 7z/Za, which is the resistance the object 
has to any change in its motion. A cement truck, for example, has a lot of mass 
(inertia), wh¡ch ¡s why ït requires a powerful engine to get moving and powerful 
brakes to come to a stop. 

The standard unit of mass is the #//2øzzz, and a replica of the primary cylin- 
đer used to determine exactly what mass “I kilogram” describes is shown ¡n 
Eigure I.15. An average-sized human male has a mass of about 70 kilograms 
(154 pounds). For smaller quantities, we use the øzz. Table 1.2 tells us that the 
prefix &//2- means “1000,” and so we see that 1000 grams are needed to make a 
single kilogram (1000 grams = 1 kilogram). For even smaller quantities, the 
2/1erzi 1s used (1000 milligrams = l gram). 

Mass Is easy to understand. Ít is simpÏy a measure of the amount oỂ matter in 
a sample, which is a function of how many atoms the sample contains. Accord- 
Ingly, the mass of an object remains the same no matter where it is located. A 
1-kilopram gold bar, for example, has the same mass whether ¡t is on Earth, on 
the moon, or foating “weightless” in space. This is because it contains the same 
number ofatoms in each location. 

WWeight is more complicated. By deRnition, weight ¡s the gravitational force 
exerted on an obJect by the nearest most massive body, such as Earth. The weight of 
an obJect, therefore, depends entirely upon its location, as is shown in Eigure 1.16. 


FIGURE 1.16 


(a) A 1-kilogram gold bar resting on Earth weighs 2.2 pounds. (b) On the moon, this 
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+ Mass = 1 kg 
Weight = 0.37 lb 


Mass = 1 kg 
Weight = 0b 


* 


Deep in outer space 


same gold bar would weigh 0.37 pound. (c) Deep ¡n space, free from any planetary sur- P 
face, the gold bar would weigh 0 pounds but still have a mass of I kilogram. 


s lfyou counted by 1every 1 second, 
counting to a million would take 
you 11.6 days (assuming no time 


On the moon, a gold bar weighs less than ¡t does on Earth. This ¡s because the off for sleeping).How about a bil- 
moon is much less massive than Earth; hence, the gravitational force exerted by the lion? Is there a dramatic differ- 


moon on the bar ¡is much less. Ôn Jupiter, the gold bar would weigh more than it 


ence? Cet this: Counting to a 
billion would take you 31.8 years. 


does on Earth because of the greater gravitational force exerted on the bar by this Estuntint Ea g trilTicri liTiichiaa 


very massive pÏanet. 


thousand billions, would take you 


Because mass is independent of location, it is customary in science to meas- 31,8oo yearsl Now you know why 


ure matter by its mass rather than its weight. C2cej/4/ C?ezisfzy adheres to 


there are far more millionaires 
than billionaires and not yet any 


this convention by presenting matter in units of mass, such as kilograms, grams, tì loi gires 
and milligrams. Such weight units as pounds and tons (I ton = 2000 poundđ$) mo; ro cxptoec: 
are occasionally provided as a reference because of their familiarity. 


: cŸHh)n/— — 


Your pocket calculatorl 


PENNY FINGERS Ĩ 


# Welcome to “Hands-On Chemistry,” 
the interactive corner of your 
Conceptual Chemistry textbook. This 
feature provides you the opportu- 
nity to apply chemistry concepts 
outside a formal laboratory setting. 
Each activity is guaranteed to be 
mearingful, interesting, and, at 
times, surprising. 

At the end of each chapter, you 
will find follow-up điscussions, 
called Insights, for each Hands-On 
Chemistry activity. ldeally, you 
should look over the Insights only 
after you have attempted the activ- 
ïty. The job of the Insights is to cor- 
rect any misconceptions you may 


have about the results of the activ- 
ïty and also to provide food for fur- 
ther thought—sort of a “Minds-On 
Chemistry.” So let's beginl 


emnies dated 1982 or earlier are 

nearÌy pure copper, each having a 

mass of about 3.5 grams. Pennies 
dated after 1982 are mmade of copper- 
coated zinc, each having a mmass of 
about 2.9 grams. HoÌd a pre-1g82 
pemny on the tip of your right index 
finger and a post-1o82 penny on the 


tip of your left index finger.Move your 


forearms up and down to feel the dif- 
ference ïn inertia—the difference of 


o.6 grams (6oo milligrams) is subtle 
but not beyond a set of well]-tuned 
senses. lÝ one penny on each finger is 
below your threshold, try two pre- 
1982s stacked on one finger and two 
post-1o82s stacked on the other. Share 
thïs activity with a friend. 
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CHEMISTRY IS A MOLECULAR SCIENCE 


|s there gravity on the moon? 


Was this your answer? Yes,absolutely! The rmoon exerts a downward gravi- 
tational pull on any body near its surface, as evidenced by the fact that astro- 
nauts were able to land and walk on the moon. This NASA photograph shows 
an astronaut jumping.Wïthout gravity, this jump would have been his last. 
So, since there is gravity,why doesrit the flag droop downward? Look care- 
fully and you'Tl see that ït is held up by a stick across ïts top edge. There is no 
Wwind on the moon (because there is no atmosphere), and so the crew used 
the support stick to rnake the wrinkled flag display nicely in photographs. 


CHEMISTRY 
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his activity challenges any mis- 

conceptions you might have 

about what determines volume as 
ït answers the question “Can one 
object have a greater mmass than 
another and yet have the same vol- 
ume?”Try this activity and find out. 


WHAT YOU NEED 


Tall,narrow g]ass; mmasking tape; 
empty film canister with lid; bunch of 
pennies 


PROCEDURE 


1.. Fillthe glass two-thirds full with 
water and mark the water level 
with masking tape. 


2. Fillthe canister with pennies. 
Cap the canister and place it in 
the water. Note the new water 
level with a second strip of 
tape. 


3.  Remove the canister, being careful 
not to splash water out of the 
glass. lf the water level after you 
remove the canister is below the 
original level,add water until the 
volume ïs again at that level. 


4. Remove half the pennies from the 
canister so as to decrease ïts rnass. 
Cap the canister, predict how 
much the water level wiÏ] rise 
when you submerge the canister, 
and then submerge ït. 


Which statement do your results 
support: 


a. The volume of water an object 
đisplaces depends onÌy on the 
dimensions of the object and not 
on ïts mass. 


b. The volume of water an object 
đisplaces depends on both the 
dimensions and the mass of the 
object. 
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The amount of space a material object occupIes Is its volume. The SĨ unit 
of volume ¡s the liter, which ¡s only slightly larger than the USCS unit ofvol- 
ume, the quart. Á liter is the volume of spacc marked of by a cube measuriE  ' Tt‹ volumeofan ch ch 
10 centimeters by 10 centimeters by 10 centimeters, which ¡s 1000 cubiccen-  maqerwhatits shape, can be 
timeters. A smaller unit of volume ¡s the milliliter, which ¡s V ooo Of a liter, or. measured by the displacement 
1 cubic centimeter. À convenient way to measure the volume oFan irregu-  ofwater. When this rockis 
lar object ¡s shown in Figure 1.17. The volume of water displaced ¡s equal to Immersedin the water, the rise 
the volume of the object. Figure 1.18 gives you a sense of the relative sizes of in thewaterlevelequals the vol- 


some familiar objects—some very large ones, and some very smalÏ ones. ume of the rock, which in thịs 
example measures about 90 mL. 


VOLUME 
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1026L 
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1021 Earths atmosphere MÑẠ | 
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Earth's atmosphere 
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Living matter on Earth Lake Superior 


ĩ 105g MACROSCOPIC 
Total human population 


Petroleum burned each day in the U.S. | 


Olympic-sized swimming pool 


Red blood h_ ` | 
Bacterium 4@m- | 


M2 ¿ 


SUBMICROSCOPIC 


| Water molecule | 
| VÀ Water molecule | 
| Oxygen atom 10~?g Hydrogen atom c/# ị 
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_FIGURE 1.18 


- Range of masses and volumes in the universe. 
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FIGURE 1.19 


Much of the potential energy in 
lans drawn bow will be con- 
verted to the kinetic energy of 
the arrow upon its release. 


FIGURE 1.20 


A firecracker ¡sa mixture ofsolids 
that possess chemical potential 
energy. W/hen a frecracker 
explodes, the solids react to form 
gases that Ñy outward and so pos- 
sess a øreat deal of kinetic energy. 
Light and heat (both ofwhich are 
forms of energy) are also formed. 


*® 1,s Energy ls the Mover of Matter 


atter is substance, and energy is that which can move substance. The 

concept of energy is abstract and therefore not as easy to delne as the 
concepts of mass and volume. One delnition of energy 1s the capacity to do 
work. [fsomething has energy, it can do work on something eÌse—it can exert a 
force and move that something else. Accordinply, energy is not something we 
observe directly. Rather, we only witness its effects. 

There are two principal forms of energy: potential and kinetic. Potential 
energy is stored energy. A boulder perched on the edge ofa cliff has potenrial 
energy due to the force of gravity, Just as the poised arrow in Figure 1.19 has 
potential energy due to the tension force of the bow. The potential energy ofan 
object Increases as the distance over which the force ¡is able to act increases. The 
higher a boulder is positioned above level pround, the more potential energy ït 
has to do work as ¡it falls downward under the pull of gravity. Similarly, an arrow 
in a fully drawn bow, for example, has more potential energy than does one In a 
hal£drawn bow. 

Kinetic energy ¡s the energy of motion. Both a falling boulder and a ñy- 
ing arrow have kinetic energy. The faster a body moves, the more kinetic 
energy it has and therefore the more work it can do. For example, the faster 
an arrow flies, the more work it can do to a target, as evidenced by its deeper 
penetration. 


cK 


How does a flying arrow have potential energy as welÏ as kinetic energy? 


Was thỉs your answer? lt has potential energy as long as ït remains above 
the ground. Once it reaches the ground, ïts potential energy is zero because 
ït no longer has any potential to do work. 


Chemical substances possess what is known as ce7cal pofenf/al ewere), 
which ¡s the energy stored within atoms and molecules. Any material that can 
burn has chemical potential energy. The firecracker ¡in Figure 1.20, for example, 
has chemical potential energy. This energy gets released when the firecracker is 
ignited. During the explosion, some of the chemical potential energy is trans- 
formed to the kinetic energy of fying particles. Much of the chemical potential 
energy ¡is also transformed to light and heat. We explore the relationship 
between energy and chemical reactions in Chapter 9. 


How does a wooden arrow lyiïng on the ground have potential energy? 


Was thỉs your answer? The arrow contains chemical potential energy 
because it can burn. 


The SI unit of energy ¡s the 7øz/, which ¡is about the amount of energy 
released from a candle burning for only a moment. Ín the United States, a com- 
mon unit of energy is the e2/øz7e. One calorie is by deRnition the amount of 
energy required to raise the temperature of l gram of water by 1 degree Celsius. 
One calorie is 4.184 times larger than 1 joule. Put differently, 4.184 joules of 
energy are equivalent to 1 calorie (4.184 joules = 1 calorie). So, a joule 1s about 
one-fourth ofa calorle. 
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FIGURE 1.21 


The energy content of this candy bar (230 Calories = 230,000 calories), when 
released through burning, is enough to heat up 230,000 grams (about 507 pounds) 
of water by l degree Celsius. 


In the United States, the energy content of food is measured by the ⁄/2z72 
(note the uppercase Œ). One Calorie equals 1 kilocalorie, which ¡s 1000 calo- 
ries (note the lowercase ¿). The candy bar in Eigure 1.21 offers 230 Calories 
(230 kilocalories), bestowing a total of230,000 calories on the consumer. 


°® 1.6 Temperature lsa Measure of How Hot— 
Heat It Is Not 


he atoms and molecules that form matter are in constant motion, jig- 
gling to and fro or bouncing from one position to another. By virtue of 
their motion, these particles possess kinetic energy. Their average kinetic 
energy ¡s directly related to a property you can sense: how hot something 1s. 
NWhenever something becomes warmer, the kinetic energy of its submicro- 
scopic particles increases. For example, strike a penny with a hammer and 
the penny becomes warm because the hammerS blow cause€s Its atoms to JOs- 
tle faster, increasing their kinetic energy (the hammer becomes warm for 
the same reason). Put a Ñame to a liquid and the liquid becomes warmer 
because the energy of the Ñame causes the particles of the liquid to move 
faster, Increasing their kinetic energy. For example, the molecules in the hot 
coffee in Figure 1.22 are moving faster, on average, than those ¡n the cold 
coffee. 

The quantity that tells us how warm or cold an obJect is relative to some stan- 
dard ¡s called temperature. Ñe express temperature by a number that corre- 
spond:s to the degree of hotness on some chosen scale. Just touching an obJect 
certainly isnt a good way oÊ measuring its temperature, as Figure 1.23 ¡lÏustrates. 
To measure temperature, therefore, we take advantage of the fact that nearly all 
materials expand when their temperature is raised and contract when it is low- 
ered. With increasing temperature, the particles move faster and are on average 
farther apart—the matcrial expands. With decreasing temperature, the particles 
move more slowly and are on average closer together——the material contracts. À 
thermometer exploits this characteristic of matter, measuring temperature by 
means of the expansion and contraction o£a liquid, usually mercury or colored 
alcohol. 


FIGURE 1.22 


The difference between hot cof- 
fee and cold coffee Is the average 
speed of the molecules. In the 
hot coffee, the molecules are 
moving faster, on average, than 
they are in the cold coffee. (The 
longer “motion trails” on the 
molecules o£ hot coffee indicate 
therr hipher speed.) 
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FIGURE 1.23 


Can we trust our sense of hot and 
cold? Will both ñingers feel the 
same temperature when they are 
put in the warm water? Try this 
yourself and you wilÏ see why we 
use a thermometer for an obJec- 
tIve measuremenr. 


FIGURE 1.24 


Some familiar temperatures 
measured on the Fahrenheit, Cel- 
sius, and Kelvin scales. 
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cK 


You may have noticed telephone wires sagging on a hot day. This happens 
because the wires are longer in hot weather than in cold. What is happen- 
ïng on the atomic level to cause such changes in wire length? 


Was this your answer? On a hot day, the atoms in the wire are rmnoving 
faster, and as a result the wire expands. On a cold day, those same atoms are 
mmoving more slowly, which causes the wire to contract. 


The most common thermometer ¡in the world ¡s the Celsius thermometer, 
named In honor o£the Swedish astronomer Anders Celsius (1701—1744), who 
frst sugeested the scale of 100 degrees between the freezing point and boiling 
point of fresh water. In a Celsius thermometer, the number 0 ïs assigned to the 
temperature at which pure water freezes and the number 100 ïs assigned to the 
temperature at which it boils (at standard atmospheric pressure), with 100 equal 
parts called zeøreés between these two points. 

In the United States, we use a Fahrenheit thermometer, named after its Origi- 
nator, the German scientist G. D. Fahrenheit (1686—1736), who chose to assign 
0 to the tempecrature ofFa mixture containing equal weights of snow and com- 
mon salt and 100 to the body temperature ofa human. Because these reference 
points are not dependable, the Fahrenheit scale has since been modifed such 
that the Íreezing point of pure water is designated 32°F and the boiling point of 
pure water ¡is designated 212°E. On this recalibrated scale, normal human body 
temperature is around 98.6°E 

A temperature scale favored by scientists ¡s the Kelvin scale, named after the 
British physicist Lord Kelvin (1824—1907). This scale ¡s calibrated not in terms 
of the freezing and boiling points of water, but rather in terms of the motion of 
atoms and molecules. Ôn the Kelvin scale, zero ¡is the temperature at which 
there is no atomic or molecular motion. Thịs ¡is a theoretical limit called 
absolute zero, which ¡s the temperature at which the particles ofa substance 


pure water 


2112” 100° 373.15 K===s Boiling point of 
pure water 
| 
98.6° Sy/ 310.15 K==s Normal body temperature | 
77 25° « 298.15 K===s Warm day 
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| 
| 
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Fahrenheit, °F Celsius, °C 


Kelvin,K 
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have absolutely no kinetic energy to give up. Absolute zero corresponds to 
-459.7°F on the Fahrenheit scale and —273.15°C on the Celsius scale. COn the 
Kelvin scale, this temperature is simply 0 K, which ¡s read “zero kelvin” or “zero 
K.” Marks on the Kelvin scale are the same distance apart as those on the Celsius 
scale, and so the temperature of freezing water is 273 kelvin. (Nore that the word 
đ¿øree 1s not used with the Kelvin scale. To say “273 degrees kelvin” is Incorrect; 
to say “273 kelvin” is correct.) The three scales are com- 
pared in Eigure 1.24. 

Ít is important to understand that temperature Isa - 
measure of the 7ø amount of energy in a substance, 
not the /øz/amount ofenergy, as Figure 1.25 shows. The, 
total energy ¡n a swimming pool full of boiling water 1s 
much more than the total energy ¡in a cupful of boiling 
water even though both are at the same temperature. Your 
utility bill after heating the swimming pool water to. 
100°C would show this. Whereas the total amount of 
energy in the pool is much more than in the cup, the 
Zuerzee molecular motion ¡is the same in both water sam- 
ples. The water molecules in the swimming pool are mov- 
ing on average just as fast as the water molecules in the 
cụp. The only difference ¡s that the swimming pool con- 
tains more water molecules and hence a greater total 
amount of energy. 

Heat is energy that fiows from a higher-temperature 
object to a lower-temperature object. Ifyou touch a hot 
stove, heat enters your hand because the stove is at a 
higher temperature than your hand. When you touch a 
piece of ice, energy passes out of your hand and into the 
ice because the ice is at a lower temperature than your 
hand. From a human perspective, ¡you are receiving heat 
you €experience warmth; If you are giving away heat, you 
experience cooling. The next time you touch the hot fore- 
head oFa sick, feverish friend, ask her or him whether your 
hand feels hot or cold. WWhereas temperature ¡is absolute, 
hot and cold are relative. In general, the greater the tem- 
perature difference between two bodies in contact with 
cach other, the greater the rate of heat flow. This is why a 
hot clothes iron can cause much more damage to your 
skin than a warm clothes iron. Because heat ¡s a form of 
energy, its unit Is the joule. 


_€CONCE củ 
= cK 
When you enter a swimming pool, the water may feel quite cold. After a 


while, though, your body “gets used to it,” and the water no longer feels so 
cold. Use the concept of heat to explaïn what is goïng on. 


Was thỉs your answer? Heat flows because of a temperature difference. 
When you enter the water, your skin ternperature is much higher than the 
water ternperature. The result is a significant flow of heat from your body to 
the water, which you experience as cold. Once you have been in the water 
awhile, your skin temperature is mmuch closer to the water temperature (due 
to the cooling effects of the water and your body's ability to conserve heat), 
and so the flow of heat from your body ïs less. With less heat flowing from 
your body,the water no longer feels so cold. 


FIGURE 1.25 


Bodies of water at the same tem- 
_ perature haye the same average 
molecular kinetic energies. [he 
øiz£ of the water has nothing 
to do with Its temperature. 
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ịm Coffee and tea are decaffeinated 


using carbon dioxide in a fourth 
phase of matter known asa 
supercritical fluid. This phase 
behaves like a gaseous liquid, 
which is attained by adding lots 
of pressure and heat. Supercriti- 
cal carbon dioxide is relatively 
easy to produce. To get water †o 
form a supercritical fluid, how- 
€VeT, reqUires pressures ỉn excess 
of 217 atmospheres and a tem- 
perature of 374°C. Supercritical 
water ïs very corrosive. Also, so 
mnuch oxygen can dissolve ïn 
supercritical water that flames 
can burn within this mmedium, 
which ïs ideal for the destruction 
of toxic wastes. 

MOREE TO FXPLORE: 
www.thecoffeefaq.com 

KEYWORD SEARCH: 
supercritical water toxic wastes 


FIGURE 1.26 


The familiar bulk properties ofa 
solid, liquid, and gas. (a) The 
submicroscopic particles of the 
solid phase vibrate about ñxed 
positlons. (b) The submicro- 
scopic particles of the liquid 
phase sÏip past one another. 

(c) The fast-moving submicro- 
scopic particles of the gaseous 
phase are separated by large aver- 
age distances. 
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5 17 The Phase ofa Material Depends on the Motion 
of Its Particles 


ne of the most apparent ways we can describe matter is by its physical 

form, which may be in one of three phases (also sometimes described as 
physical states): s2, 4/2, or ø4s. A solid material, such as a rock, occupies a 
constant amount of space and does not readily deform upon the application of 
pPressure. In other words, a solid has both defnite volume and defnite shape. A 
liquid also occupies a constant amount of space (it has a deRnite volume), but 
its form changes readily (ït has an indefinite shape). A liter of milk, for example, 
may take the shape of its carton or the shape ofa puddle, but its volume ¡s the 
same in both cases. Á øas is diffuse, having neither definite volume nor defnite 
shape. Any sample of gas assumes both the shape and the volume of the con- 
tainer it occupies. A øiven amount of air, for example, may assume the volume 
and shape ofa toy balloon or the volume and shape ofa bicycle tire. Released 
from its container, a gas diffuses into the atmosphere, which ¡s a collection of 
varlous øases held to our planet only by the force of gravity. 

On the submicroscopic level, the solid, liquid, and gaseous phases are distin- 
guished by how well the submicroscopic particles hold together. This ¡s illus- 
trated in Figure 1.26. In solid matter, the attractions between particles are strong 
enouph to hold all the particles together in some fñxed three-dimensional 
arrangement. The particles are able to vibrate about ñxed positions, but they 
cannot move past one another. Adding heat causes these vibrations to increase 
until, at a certain temperature, the vibrations are rapid enough to disrupt the 
fñxed arrangement. The particles can then sÏip past one another and tumble 
around much like a bunch of marbles in a bag. Thịs ¡is the liquid phase of matter, 
and ït is the mobility of the submicroscopic particles that gives rise to the liquid 5 
Ñuid character—its ability to flow and take on the shape of its container. 

Eurther heating causes the submicroscopic particles in the liquid to move so 
fast that the attractions they have for one another are unable to hold them 
together. They then separate from one another, forming a gas. Moving at an 
average speed of 500 meters per second (1100 miles per hour), the particles ofa 


(a) Solid 


(b) Liquid 
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FIGURE 1.27 


The gaseous phase ofany material occupies significantÌy more volume than either Irs 
solid or liquid phase. (a) Solid carbon dioxide (dry ¡ce) is broken up into powder 
form. (b) The powder is funneled into a balloon. (c) The balloon expands as the 
contained carbon dioxide becomes a gas as the powder warms up. 


gas are widely separated from one another. Matter ¡in the gaseous phase there- 
fore occupies muụch more volume than ¡it does in the solid or liquid phase, as 
Eigure 1.27 shows. Applying pressure to a gas squeezes the gas particles closer 
together, which makes for a smaller volume. Enouph aïr for an underwater diver 
to breathe for many minutes, for example, can be squeezed (compressed) into a 
tank small enough to be carried on the divers back. 

Althouph gas particles move at hiph speeds, the speed at which they can travel 
from one side of a room to the other is relatively sÏlow. This is because the gas 
particles are continually hitting one another, and the path they end up taking ¡s 
circuitous. At home, you get a sense of how long ït takes for gas particles to 
migrate cach time someone opens the oven door after baking, as Figure 1.28 
shows. A shot ofaromatic gas particles escapes the oven, but there ¡s a notable 
delay before the aroma reaches the nose oŸsomeone sittine in the next room. 


cK 


Why are gases so mnuch easier to cormmpress into smaller volumes than are 
solids and liquids? 


Was thỉs your answer? Because there is a lot of space between gas particles. 
The particles of a solid or liquid, on the other hand, are already close to one 
another, meaning there is little room left for a further decrease in volume. 


FAMILIAR TERMS ARE USED TO DESCRIBE CHANGING PHASES 

Figure 1.29 illustrates that you must either add heat to a substance or remove 
heat from ¡t ifyou want to change its phase. The process ofa solid transforming 
to a liquid ¡s called melting. To visualize what happens when heat begins to 
melt a solid, imagine you are holding hands with a group of people and each of 
you starts jumping around randomly. The more violently you jump, the more 
dificult ít is to hold onto one another. IÝ everyone Jjumps violently enoueh, 
keeping hold is impossible. Something like this happens to the submicroscopic 
particles oFa solid when it 1s heated. As heat ¡s added to the solid, the particles 
vibrate more and more violently. IÝ enough heat ¡s added, the attractive forces 
berween the particles are no longer able to hold them together. The solid melts. 


FIGURE 1.28 


In traveling from point Ä to 
point B, the typical gas particlc 
travels a circuitous path because 
of numerous collisions with 
other gas particles——=about 

8 billion collisions every secondl 
The changes in direction shown 
here represent only a few of 

these collisions. Although the 
particle trayels at very hiph 
speeds, It takes a relatively long 
time to cross berween two distant 
points because of these numerous 
collisions. 
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CHAPTER 1 


Melting and evaporation involve 
the addition ofheat; condensa- 
tion and freezing involve the 
removal of heat. 


ee for yourself that a material in 

ïts gaseous phase occupies much 

more space than ït does in ïts liq- 
uid phase. 


WHAT YOU NEED 


2 teaspoons of water, 9-inch rubber 
balloon, microwave oven, oven mitt, 
safety glasses 


PROCEDURE 


1. Pour the water into the balloon. 
Squeeze out as mnuch air as you 
can and knot the balloon. 
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A liquid can be changed to a solid by the removal of heat. This process is 
called freezing, and it ¡s the reverse of melting. As heat ¡s withdrawn from the 
liquid, particle motlon diminishes until the particles, on average, are moving 
slowÌy enough for attractive forces between them to take permanent hold. The 
only motion the particles are capable of then ¡is vibration about fxed positions, 
which means the liquid has solidifed, or frozen. 

A liquid can be heated so that it becomes a gas—a process called evaporation. 
As heat ¡is added, the particles of the liquid acquire more kinetic energy and move 
faster. Particles at the liquid surface eventually gain enouph energy to jump out 
of the liquid and enter the air. In other words, they enter the gaseous phase. As 
more and more particles absorb the heat being added, they too acquire enough 
energy to escape from the liquid surface and become gas particles. Because a gas 
results from evaporation, this phase is aÌso sometimes referred to as ø2øz. Ñater 
in the gaseous phase, for example, may be referred to as water vapor. 


HOT-WATER BALLOON l 


.. Put the balloon in the microwave 
oven and cook at full power for 
however mnany seconds it takes for 
boïling to begin,which is indicated 
by arapid growth in the size of the 
balloon. lt may take only about 
1O seconds for the balloon to reach 
full size once ït starts expanding. 
(The balloon wiÏl pop ïf you add 
†oo mmuch water or if you cook ït for 
too long.) 


able to hear ït raining ïnside the 
balloon. 


Remove the heated balloon with 
the oven mitt, shake the balloon 
around, and Iisten for the return 
of the liquid phase. You should be 


What happens ïf you submerge the 
inflated balloon in a pot of ice-cold 
water? 
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The rate at which a liquid evaporates increases with temperature. A puddle of 
water, for example, evaporates from a hot pavement more quickly than ¡t does 
from your cool kitchen foor. When the temperature is hot enough, evaporatlon 
occurs beneath the surface of the liquid. As a result, bubbles form and are 
buoycd up to the surface. WWc say that the liquid 1s boiling. A substance 1s often 
characterized by its 2ø7/ø øø7, which is the temperature at which ¡it boils. At 
sea level, the boiling point of fresh water ¡s 100C. 

The transformation from gas to liquid——the reverse ofevaporation——is called 
condensation. This process can occur when the temperature ofa gas decreases. 
The water vapor held in the warm daylight air, for example, may condense to 
form a wet dew in the cool of the nipht. 


*® 1.8. Density Is the Ratio of Mass to Volume 


he relationship between an objects mass and the amount oŸ space it occu- 
pI€s Is the objects density. ensity is a measure of compactness, of how 
tightly mass is squeezcd into a given volume. A block of lead has much more 
mass squeezed Into its volume than does a same-sized block ofaluminum. The 
lead is therefore more dense. W/e think of density as the “lightness” or “heavi- 
ness” ofobjects of the same size, as Figure 1.30 shows. 

Density is the amount of mass contained in a sample divided by the volume 
of the sampIle: 


1as 


density = 


volume 


An object having a mass of Ï pram and a volume o£ 1 milliliter, for example, has 
a density of 


density = . In 


1 mL mL 


which reads “one gram per milliliter.” An obJect having a mass of2 grams and a 
volume of 1 milliliter is denser; its density ¡s 
Z) 
`..." 


pm sp. 


which reads “two grams per milliliter.” Other units of mass and volume 
besides gram and milliliters may be used in calculating density. The densities 
of gases, for example, are often given in grams per liter because they are so 
low. In all cases, however, the units are a unit of mass divided by a unit of 
volume. 


CK 


Which occupies a greater volume: 1 kilogram of lead or 1 kilogram of 
aluminum? 


Was thỉs your answer? The aluminum. Think ofit this way. Because lead is 
so dense, you need only a little bit ïn order to have 1 kilogram. Aluminum, by 
contrast,ïs far less dense, and so 1 kilogram of aluminum occupies much 
mnore volume than the same mass of lead. 


Z 


Blockof 2 
lead Ệ 


Same-sized block 
of aluminum 


The amount of mass in a block of 
lead far exceeds the amount of 
mass in a block ofaluminum of 
the same size. Hence, the lead 
weighs much more and is more 


dificult to lift. 
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URE 1.31 


The hot air inside this hot-air 

- balloon is less dense than the sur- 
rounding colder air, which ¡s why 
the balloon rises. 


1,3 DENSITIES OF SOME SOLIDS, LIOUIDS, AND GASES 


Substance Density (g/mL) Density (g/L) 
Solids 
osmium 22.5 22,50O 
gold 19.3 19,30O 
lead T1.3 11,3OO 
COpper 8.92 8,920 
iron 786 7860 
zinc 714 7,14O 
alumninum 2.70 2,7OO 
ice o.92 920 
Liquids 
Tnercury 13.6 13,60O 
sea water 1.O3 1,O3O 
water at 4°C 1.OO 1,OOO 
ethyl alcohol O.81 81o 
Gasesĩ 
dry air 
œC O.OO129 1.29 
2o°C O.OO121 1.21 
helium at o°C O.OOO178 O.178 
Oxygen at o°C O.OO143 1.43 


*All values at sea-level atmospheric pressure. 


The densities of some substances are given in Table 1.3. Which would be 
more diffRicult to pick up: a liter of water or a Ïiter of mercury? 

Gas densities are much more affected by pressure and temperature than are 
the densities of solids and liquids. With an increase in pressure, gas molecules 
are squeezed closer together. This makes for less volume and therefore greater 
đensity. The density of the air inside a divers breathing tank, for example, ¡s 
much greater than the density of air at normal atmospheric pressure. With an 
increase in temperature, øas molecules are moving faster and thus have a ten- 
dency to push outward, thereby occupying a greater volume. Thus, hot air 1s ess 
dense than cold air, which ¡s why hot air rises and the balloon in Figure 1.3] can 
take its passengers for a breathtaking ride. 


1. Which has a greater density: 1 gram of water or 1o grams of water? 
2. Which has a greater density: 1 gram of lead or 1o grams of aluminum? 


Was thìs your answer? 

1. The density ¡is the same for any amount of water.Whereas 1 gram of 
water occupies a volume of1 milliliter,1o grams occupies a volume of 
1o milliliters. The ratio 1 gram/1 milliliter is the same as the ratio 
10 grams/"o milliliters. 

2. The lead. Density is mass per volume, and this ratio is greater for any 
amourt of lead than for any amount of aluminum. 


IN PERSPECTIVE 


2T 


CORNERE^ 


MANIPULATING AN ALGEBRAIC EOUATION Ï 


# With a little algebraïc manipulation, ït is easy to ANSWER 
change the equation for density around so that ït solves 
either for mmass or for volume. The first step ïs to multi- M_ 2900 
ply both sides of the density equation by volume. Then Jˆ= r1 — = 0392 rL 
canceling the volumes that appear in the numerator T Ao—_ 
m 


and denominator results in the equation for the mass 


i26) Lục sSÀ, In summary, the three equations expressing the relation- 


mass x volune ship among density, mass, and volume are 


density x volume 


volune Densiy  Mass Volurmne 
density x volume = mass p== M=DxV v=S 


EXAMPLE A good way to remember these relationships is to use the 


A pre-1982 pemny has a density of 8.92 grams per miÏliliter 
and a volume of o.392 milliliters. What is ïts mass? 


ANSWER 


D)'%V'—="M.= 8oa_3_ x O392 mL = 3.sog 
mL 


To solve for the volume of an object, divide both sides of 
the equation for the mass by the densïty. Canceling the 
densities results in the equation for volume: 


densifyxvolume  mass 


điagram shown below. Use your finger to cover the quantity 
you wart to know,and that quantity's relationship to the 
other quantities is revealed. For exarnple, covering the A1 
shows that mass is equal to densïty times volume, D x V. 


ĐÀ 
/?„x 


YOUR TURN 


1.. Whatis the average density of a loaf of bread that has a 
mass of 5oo grams and a volume of1ooo miilliliters? 


densify _ densi 
me » 2.. The loafofbreadin the previous problem loses all ïts 
Tnass : ễ 
volume = _ moisture after beïng left out for several days. Its volume 
density remains at1ooo miilliliters, but its density has been 
reduced to o.4 grams per miilliliter.What is ïts new mnass? 
EXAMPLE 


3... A sack of groceries accidently set on a soo-gram loaf 
of bread ïncreases the average density of the loaf to 
5 grams per milliliter.What is its new volume? 


A post-1982 penny has a densïty of 7.-4o grams per milliliter 
and a mass of 2.9o grams. What ïs ïts volume? 


® InPerspective 


n this chapter you were introduced to how chemistry is the study of matter 
and how the scope of chemistry is very broad——including anything you can 
touch, taste, smell, see, or hear. Chemistry is a major branch of science, which 
this chapter deñned as an organized body of knowledge resulting from our 
observatlons, common sense, rational thinking, and insights into nature. After 
centuries of development, science has become a powerful tool for helping us to 
perceive our environment with greater clarity. 

To help you in your study of chemistry, its Important that you be familiar 
with some basic physical quantities. These include mass, volume, energy, tem- 
perature, and density. ÄZ4s; is a measure of how much, whereas øø2e 1s a 
measure of how spacious. #7£zgy Is an abstract concept but best understood as 
that which ¡s required to move matter. The higher the /£z£z⁄#uz ofa materlal, 
the greater the average kinetic energy of its submicroscopic particles. 
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The phase ofa material is a functlon of ¡ts temperature. In the solid phase, 
the atoms or molecules only vibrate about ñxed positions. In the liquid phase, 
these submicroscopic particles are able to tumble over one another. In the 
gaseous phase, the atoms or molecules have enough kinetic energy to be sepa- 
rated from one another by relatively large distances. Finally, this chapter Intro- 
duced Z27z⁄?, which ¡s the ratio ofa materials mass to its volume. Materials are 
often characterized by their densities. 


A WORD ABOUT CHAPTER ENDMATTER FROM THE AUTHOR 


Each chapter ¡n this book concludes with a list of Key Terms, Chapter Highlight 
review questions, numerous higher-level Concept Building questions, Hands- 
On Chemistry Insights, and, in some chapters, Supporting Calculations. 

Key Terms are listed in order ofFappearance ¡n the chapter. The more familiar 
you are with these terms, the easier ¡t will be for you to apply the concepts. 

The Chapter Highlight questions help you fñx ideas more fñirmly in your 
mind and catch the essentials of the chapter material. They are not meant 
to be challenging. You can fnd the answers to the Chapter Highlight questions 
¡n the chapter. Ifyou study only the Key Terms and the Chapter Highlights and 
nothing else, you are minimizing your chance for success in this class. 

In contrast to the Chapter Highlights, the Concept Building questions 
emphasize thinking rather than mere recall and should be attempted only after 
you are well acquainted with the chapter. Ïn many cases, the intention ofa par- 
ticular Concept Building question is to heÌp you to apply the ideas of chemistry 
to familiar situations. Ïn some cases, the questions introduce you to new but reÌ- 
evant ideas that you wilÏ need to integrate with what you already know. There 
are numerous Concept Building questions in each chapter and they are rated by 
difficulty to help you select which ones to attempt. Note that your Instructor 
might recommend specific questions. [you do well with the Concept Building 
questions, you can expect to do well on your exams. But remember, these ques- 
tions are 72 desipned to test you for what yoưve learned from the chapter. 
Instead, they are there as an integral part of your learning experience. To help 
keep you on track, detailed solutions to all odd-numbered Concept Building 
questions and Supporting Calculations are provided in Appendix C. 

Supporting Calculations feature concepts that are more clearly understood 
with numerical values and straightforward calculations. Most are based on infor- 
mation given in the chapterS (/eø/2/ø» Corøers. Many are presented in a “show 
how” format where your task is not to plug and chug an answer but to set up the 
Proper equations. Be sure to include units and show unit cancellations. The Sup- 
portineg Calculations are relatively few in number to avoid an emphasis on math- 
ematical rigor that could obscure the primary goal oÊ Cøzzcep£„al Che?isiry——a 
focus on the concepts of chemistry and how they relate to modern living. 

The Hands-On Chemistry Insights are follow-up discussions designed ro 
make sure you are getting the most out oFperforming the Hands-On Chemistry 
activitles found in every chapter. These Insights are also meant to clear up any 
misconceptions that may develop. Ideally, you should read these follow-ups only 
after having performed the activities. 

Good chemistry to youl 


Won† †o succeed in your chemis†ry course? For every hour you spend in closs, you 
should spend abou† †hree hours ou†side of class s†udying. This is an inves†men† in 
yourself †haf will pay off ín more woys †hen jusf œ good ạrode, so don† deloy. Find a 
comfor†oble place †o s†udy and ạo †o ¡fl Be†ter ye†, sfudy wifh a poar†ner ond pracice 
or†iculefing wha† youve leorned. You know you havenT† reolly learned someThing un†iÌ 
YOU Con express ¡† using ÿOur own voice. 


KEY TERMS 


Submicroscopic The realm ofatoms and molecules, 
where objects are smaller than can be detected by 
optical microscopes. 


Chemistry The study of matter and the 
transformations it can undergo. 


Matter Anything that occuples space. 


Basic research Research dedicated to the discovery of 
the fundamental workings of nature. 


Applied research Research dedicated to the 


development of useful products and processes. 


Science An organized body of knowledge resulting 
from our observations, common sense, rational 
thinking, and insights into nature. 


Scientiic hypothesis A testable assumption often 
used to explain an observed phenomenon. 


Control test A test performed by scientists to increase 
the conclusiveness of an experimental test. 


Theory A comprehensive idea that can be used to 
explain a broad range of phenomena. 


Mass The quantitative measure of how much matter 
an object contains. 


Weight The gravitational force of attraction between 
two bodies (where one body ¡s usually Earth). 


Volume The quantity of space an obJect occupies. 
Energy The capacity to do work. 
Potential energy Stored energy. 


Kinetic energy Energy due to motion. 


CHAPTER HIGHLIGHTS 


CHEMISTRY IS INTEGRAL TO OUR LIVES 


1. Are atoms made of molecules, or are molecules made 
ofatoms? 


2. NWhat ¡s the difference between basic research and 
applied research? 


3. Why is chemistry often called the central science? 
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Temperature Elow warm or cold an object is relative 
to some standard. Also, a measure of the average kinetic 
energy per molecule ofa substance, measured in 
degrees Celsius, deprees Fahrenheit, or kelvins. 


Thermometer An ¡instrument used to measure 
t€mperaturc. 


Absolute zero The lowest possible temperature any 
substance can have; the temperature at which the 
atoms ofa substance have no kinetic energy: 0 K = 


=273.15°C=—459.7°E 


Heat The energy that ows from one object to 
another because of a temperature difference between 
the two. 


Sold Matter that has a defnite volume and a defnite 
shape. 


Liquid Matter that has a deñnite volume but no 
definite shape, assuming the shape of its container. 


Gas Matter that has neither a denite volume nor a 
deRnite shape, always filling any space available to it. 


Melting A transformation from a solid to a liquid. 
Freezing A transformation from a liquid to a solid. 
Evaporation A transformation from a liquid to a gas. 


Boiling Evaporation in which bubbles form beneath 
the liquid surface. 


Condensation A transformation Írom a gas to a 
liquid. 


Density The ratio ofFan objects mass to its volume. 


SCIENCE IS A WAY OF UNDERSTANDING 
THE UNIVERSE 


4. The scIentific process most often begins with which 
of the following: questions, hypotheses, observations, 
predictions, tests? 


5. What is a control test? 
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6. Are scientific theories ñxed, or are they subJect to 
repcated modifications? 


7. About how far away are the farthest observable 
objects in the universe? 


SCIENTISTS MEASURE PHYSICAL QUANTITIES 


8. What are the two major systems oÊ measurement 
used in the world today? 


9. Why are prelxes used in the metric system? 
10. Which is preater: a micrometer or a decimeter? 


11. A milligram ¡is equal to how many grams? 


MASS IS HOW MUCH AND VOLUME IS HOW 
SPACIOUS 


12. What is inertia, and how is it related to mass? 


13. Which can change from one location to another: 
mass or weipht? 


14. What ¡s volume? 


15. What ¡s the difference between an objects mass and 
1ts volume? 


ENERGY I§S THE MOVER OF MATTER 


16. What do we call the energy an object has because of 
1ts DOSition? 


17. What do we call the energy an object has because of 
1s motion? 


18. Which represents more energy: a joule or a calorie? 


19. Which represents more energy: a calorie or a Calorie? 


TEMPERATURE IS A MEASURE OF HOW HOT— 
HEAT IT IS NOT 


20. In which ¡s the average speed of the molecules less: 
¡in cold coffee or in hot coffee? 


21. What happens to the volume of most materials 
when they are heatcd? 


: ¡ch temperature scale has Its zero poInt as the 
22. Which t t le has ït tas th 
point ofzero atomic and molecular motion? 


23. Is it natural for heat to travel from a cold object to a 
hotter object? 


THE PHASE OF A MATERIAL DEPENDS ON THE 
MOTION OF ITS PARTICLES 


24. How does the arrangement of particles in a gas 
differ from the arrangements in liquids and solids? 


25. Which requires the removal of thermal energy: 
melting or Íreezing? 


26. Which requires the input o£ thermal energy: 


evaporation or condensation? 


27. What is it called when evaporation takes pÌace 
beneath the surface ofa liquid? 


DENSITY 1S THE RATIO OF MASS TO VOLUME 


28. The units of density are a ratlo of what two 
quantities? 


29. hat happens to the volume ofa loaf ofbread that 
1s squeezed? The mass The density? 


30. What happens to the density ofa gas as It is 
compressed into a smaller volume? 


| CONCEPT BUILDING @ sroinNrR  ¡NrERMEDIATE Ÿ rxprrr 


| 


31. ® WWhy is it important to work through the Chapter 
Highlights before attempting the Concept Builders? 


32. ® In what sense is a color computer monitor Or 
television screen similar to our view of matter? Place a 
drop (and only a drop) oÊ water on your computer 
monitor or television screen for a closer look. 


33. # Of the three sciences physics, chemistry, and 
biology, which ¡s the most complex? 


34. 8 Is chemistry the study of the submicroscopic, the 
microscopic, the macroscopic, or all three? Defend your 
anSWET. 


35. ® What do members of the Chemical 
Manufacturers Association pledge in the Responsible 
Care program? 


36. # hy ¡s the process of science not restricted to 
any one particular method? 


37. # Some politicians take pride in maintaining a 
particular point ofview. They think a change of mind 
would be seen as a sign of weakness. How ¡is a change of 
mind viewed differently in science? 


38. #8 How mieht the demand for reproducibility in 
sclence have the long-run effect of compelling honesty? 


39. #l Distinguish between a scientiic hypothesis and a 
theory. 


40. ® Why were McClintock and Baker exploring the 


oceans off Antarctica? 


4I.® McClintock and Baker worked together on 
sclentifc research proJects Involying marine organisms 
of the Antarctic seas, yet they have different scientiic 
backgrounds—McClintock in biology and Baker in 
chemistry. Ïs this unusual? Explain. 


42. ® What evidence supported McClintock and 
Bakers hypothesis that amphipods abducted sea 


butterflies for chemical defense against predators? 


43. 8 Why is it wrong to assume that you are onl 

k› tên tiệt 0m2 bá 290, : Áo lã 

doing science” while you are doing experimenrs? 
5 lI 8cxp 


44. @® Thhere are no libraries in Antarctica. How then 
are scIentists in Antarctica able to research that which Is 
already known about a subject? 


45. #' Can a person claim to be a scientist ¡f they no 
longer do experiments? 


4ó. 8. Of the scientilc activities listed in Figure 1.5, 
which do you think would be the top two activities 
undertaken by an older, well-seasoned scientist? How 
about a younger, less-seasoned scientist? 


47. 8 Ofthe scientific activities listed in Figure 1.5, 
which ¡s likely the most time-consuming? 


48. 8# At what point in the scientilc process does the 
scIentist make observations? 


49. ® During which of the scientific activities listed in 
Eigure 1.5 does the scientist come up with a 
hypothesis? 


50. # Wlhich of the following are scientiic hypotheses? 


a. Stars are made of the lost teeth of children. 

b. Albert Einstein was the greatest sCientist ever to 
have lived. 

c. The planet Mars is reddish because it is coated 
with cotton candy. 

d. Aliens from outer space have transplanted them- 
selves into the minds of government workers. 

e. Tides are caused by the moon. 

£. You were Abraham Lincoln in a past life. 

ø. A human remains selaware while sleeping. 

h. A human remains self-aware after death. 


51. In answer to the queston “Ñhen a plant grows, 
where does the material come from?” the ancient Greek 
philosopher Aristotle (384-322 B.C.) hypothesized that 
all material came from the soil. Do you consider his 
hypothesis to be correct, incorrect, or partially correct? 
\WWhat experimental tests do you propose to support 
your choicc? 
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52. @ 'The great philosopher and mathematician 
Bertrand Russell (1872—1970) wrote, “I think we must 
retain the belief that scientilc knowledge is one of the 
ølorles of man. Ï will not maintain that knowledge can 
never do harm. I think such general propositions can 
almost always be refuted by well-chosen examples. 
What Ï will maintain——and maintain vigorousÌy—Is 
that knowledge ¡s very much more often useful than 
harmful and that fcar of knowledge ¡s very much more 
often harmful than useful.”Think of examples to 
support this statement. 


53. #' Why ¡s reproducibility such a vital component 
Of science? 


54. 8 Does a theory become stronger or weaker the 
more it is modifed to account for experimenrtal 
evidence? 


55. A thrown die lands with the six side facing up. 
se the many-worlds hypothesis to explain how the die 
actually landed on alÏ values at once. 


56. ® Nhat kinds of questions is science unable to 
answer? 


57. ® How long does it take for Earth to revolve 
around the sun? 


58. $ As discussed in the Spotlight essay appearing after 
this chapter, pseudosciencc, like science, makes 
predictons. The predictions oFa dowser, who locates 
underground water with a dowsing stick, have a very hiph 
rate Of success——nearly 100%. Iowsing works. W/hy? 


59. After the devastating tsunami of December 2004, 
dozens of Seientologists mobilized to affected regions of 
south Asia to join ¡in the relief efort. Instead of 
traditional medical aid, however, these pseudoscientists 
(See Spotlight essay) provided pamphlets along with 
“touch assist” treatment in which they touch wounded 
areas with a ñngertip. What mipht the victims have 
thought about the efforts of the Scientologists? 


60. @ Why are the units ofa measurement just as 
Important as the number? 


61. Name two physical quantities discussed ¡n this 
chapter that change when a junked car is neatÏy crushed 
1nto a compact cube. 


62. 8 Which would you rather have: a decigram of 
gold or a kilogram of gold? 


63. ® Can an obJect have mass without having weipht? 
Can ït have weight without having mass? 


64. ® Why do we use different units for mass and 
weipht? 


65. ` Gravity on the moon is only one-sixth as strong 
as gravity on Farth. What is the mass ofa 6-kilogram 
object on the moon, and what is its mass on Earth? 
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66. 8Í. Does a 2-kilogram solid-iron brick have twice as 
much mass as a I-kilogram solid-iron brick? Twice as 
much weight? Twice as much volume? 


67. 8 Does a 2-kilogram solid-iron brick have twice as 
much mass as a I-kilogram solid bloclk of wood? Twice 
as much volume? Explain. 


68. 8 Why ¡s energy hard to defne? 
69. ® What determines the direction of heat ow? 


70. ® Under what circumstances does heat naturally 
travel from a cold substance to a warmer substance? 


71.  Which has more total energy: a cụp of boiling 
water at 100°C or a swimming pool oFboiling water at 


100°C? 


72. 8 Which ¡s more evident: potential or kinetic 
energy? Explain. 


73. I8 Will your body possess energy after you die? If 
so, what kind? 


74. ® Tempcrature is a measure of what? 


75. 8 Wlhy ¡s there a minimum temperature (absolute 
zero) but no maximum temperature? 


76. ® Distinguish between temperature and heat. 


77. ® An old remedy for separating two nested 
drinking glasses stuck together is to run water at one 
temperature into the inner glass and then run water 
at a different temperature over the surface of the 
outer ølass. Which water should be hot and which 
cold› 


78. 8A Concorde supersonic airplane heats up 
considerably when traveling through the air at speeds 
greater than the speed of sound. As a result, the 
Concorde in fight ¡is about 20 centimeters longer 
than when it is on the ground. Offer an explanation 
for this length change from a submicroscopic 
P€TSp€ctive. 


79. 8 A method for breaking boulders used to be 
putting them ïn a hot fire, then dousing them with cold 
water. Why would this fracture the boulders? 


80. #4 Creaking noises are often heard ¡n the attic of 
old houses on cold nights. Give an explanation in terms 
of thermal expansion. 


61. Any architect will tell you that chimneys are 
never used as a weipht-bearing part ofa wall. hy? 


82. 4 Would you or the gas company gain by having 
gas warmed before it passed through your gas meter? 


83. 8 Which has more total energy: a cup of boiling 
water at 100°C or a swimming pool o£slightly cooler 
water at 90°C 


84. ® Ifyou drop a hot rock into a pail of water, the 
tempcrature of the rock and that of the water both 
change until the two are equal. The rock cools, and the 
water warms. Does this hold true ¡f the hot rock Is 
droppcd into the Atlantic Ôcean? 


85. @ \Which has stronger attractions among Its 
submicroscopic particles: a solid at 25°C or a gas at 


25°C? Explaim. 


8ó. $ The leftmost diagram below shows the moving 
particles oFa gas within a rigid container. Ñ/hich of the 
three boxes on the right (a, b, or c) best represents this 
material upon the addition of heat? 


87. $ The leftmost diagram below shows two phases of 
a single substance. In the middle box, draw what these 
particles would look like ¡f heat were taken away. In the 
box on the right, show what they would look like ¡f 
heat were added. If each particle represents a water 
molecule, what is the temperature of the box on the 


left? 
o3 
So 
so 2 
dạo 
e 2 ao 


88. ® Which occupies the greatest volume: ] pram of 
ice, Ì gram ofÏiquid water, or Ï gram of water vapor? 


89. #{ Gas particles travel at speeds of up to 500 meters 
per second. Why, then, does it take so long for gas 
molecules to travel the length oFa room? 


90. #4 Humidity ¡sa measure of the amount ofwater 
vapor In the atmosphere. Why ¡s humidity always very 
low inside your kitchen freezer? 


91. ® What happens to the density ofa gas as the gas is 
compressed into a smaller volume? 


92. ® A post-1982 penny is made with zinc, but its 
density is greater than that ofzinc. Why? 


93. @ The following three boxes represent the number 
of submicroscopic particles In a given volume ofa 
particular substance at different temperatures. Wh¡ch 
box represents the highest density? Which box 
represents the hiphest temperature? Ä/hy would this be 


a most unusual substance if box (a) represented the 
liquid phase and box (b) represented the solid phase? 


(c) 


94. #' Is a more massive object necessarily more dense 
than a less massive obJect? 


95. # Is a denser obJect necessarily more massive than a 


less-dense object? 


Ti in TA" Đời Ẹ 3 yE 
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101. ® Show how the mass In kilograms ofa 130-pound 
human standing on Earth is 59 kg. 


102. 8 What is the mass in kilograms ofa 130-pound 
human standing on the moon? 


103. # Show that there are 960,000 J in a candy bar 
containing 230,000 calories. 


104. ® How many calories are there in a candy bar 
containing 230 Calories? 


105. ® How many milliliters of dirt are there in a holÌe 
that has a volume of5 liters? How many milliliters ofair? 


ANSWERS TO 
CALCULATION CORNERS 


UNIT CONVERSION 
a. 7.32 kg b. 518Ilb 
ủ. 2.14 e. 0.1 kcal 


c.4.5L 
£. 400 J 


Perhaps you are wondering about how many digits 

to include in your answers. Were you perplexed, for 
example, that the answer to (f) ¡s 400 J and not 418.4 ]? 
There are speciic procedures to follow ¡in ñguring 
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9ó. # Which ¡s less dense: hiph density polyethylene 
(HDPE) or water? How do you know? 


97. ® WVhen water freezes, it expands. What does this 
say about the density of ice compared with the density 
Of water? 


98. ® Is a massive brick of pure gold more or Ìess 
dense than a slender wedding ring also made oÊ pure 


gold? 


99, $ What happens to the density ofa filled water 
balloon as ít is pulled to the bottom of the ocean? 


100. $ Which weighs more, a liter of ice or a liter of 
water? 


106. ®# Someone wants to selÏ you a piece ofgold and 
says It Is nearly pure. Before buy¡ng the piece, you 
measure its mass to be 52.3 grams and fnd that it 
displaces 4.6 mL of water. Calculate irs density and 
consult Table 1.3 to assess its purity. 


107. ® Show that a 52.3-gram sample of pure gold 
displaces 2.71 mL of water. 


108. # A kilogram ïs cqual to how many milligrams? 


which digits from your calculator to write down. The 
digits you are supposed to write down are called 
3/gnƒicanf ƒierzes. Because there are few calculations in 
the chapter portlons oÊ Cøcepzal Chezsiry, howevet, 
a full discussion of significant fñgures ¡s left to Appendix 
B. It ¡s there for those of you looking for a litle more 
quantitative depth, which ¡s certainly often needed 
when performing experiments in the laboratory. 


MANIPULATING AN ALGEBRAIC EOUATION 
1. 0.5 grams per milliliter 
2. 400 grams 
3. 100 milliliters 
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HANDS-ON CHEMISTRY INSIGHTS 


PENNY FINGERS 


You have to be moving the pennies up and down In 
order to optimize your threshold of detecton. ÑWhat 
you are sensing here is the zZzeøzce in inertia. Recall 
that inertia 1s an obJectS resistance to any change In its 
motion. lfyou minimize the motion, you minimize 
your ability to detect any difference in inertia the two 
coins may have. Switch pennies between your left and 
ripht index ñngers (with your eyes closed) to coniirm 
your ability to detect a difference. 

With or without the motion, the pennies exert a 
downward pressure that your nerve endings sense. Ïo 
feel this pressure, repbeat the experiment with the pre- 
1982s on one index ñnger and the post-1982s on the 
other index ñnger, but this time keep your hands still. 
How many do you need to stack before you can sense a 
difference in pressure? [fyou did this pressure 
experiment on the moon, would you need to stack 
more or fewer? Why? 


DECISIVE DIMENSIONS 


Dont feel bad ifyour prediction was wrong—you are 
in good company. But now you understand that the 
volume ofwater displaced by an object is cqual to the 
obJects volume, not its mass or Its weight. 


HOT-WATER BALLOON 


A marble hitting your hand pushes against your hand. 
In a similar fashion, a gaseous water molecule hitting 
the inside of the balloon pushes against the balloon. 
The force oFa single water molecule ¡s not that great, 
but the combined forces of the billions and billions of 
them in this activity is suficient to infate the balloon 
as the liquid water evaporates to the gaseous phase. 
Thus, you saw how the gaseous phase occupies much 
more volume than the liquid phase. Ifyou observed the 
balloon carefully, you noticed it continues to infate 
(although not so rapidly) after all the water has been 
converted to water vapor. This occurs because the 
microwaves continue to heat the gaseous water 
molecules, making them move faster and faster, 
pushing harder and harder against the balloon5 inner 
surface. 

After you take the balloon out of the microwave, the 
balloon is in contact with air molecules, which, being 
cooler, move more slowly than the water molecules. 
Gaseous water molecules colliding with the inner 
surface of the balloon pass their kinetic energy to the 


slower air molecules, and the air molecules get warmer 
because their kinetic energy increases. ([his is similar 
to how the kinetic energy ofa hammer pounding a nail 
into a Ñimsy wall can be transferred to a picture frame 
hanging on the opposite side of the wall.) You can feel 
this warming by holding your hand close to the 
balloon. 

As the gaseous water molecules lose kinetic energy, 
they begin to condense into the liquid phase, a noisy 
process amplifRed by the balloon (listen carefully). 

Erom a molecular point ofview, why does the 
balloon shrink more quickly in Ice water? How 1s this 
activity similar to the demonstration depicted in Figure 
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CHEMISTRY IS A MOLECULAR SCIENCE 


Visit The Chemistry Place at: 
Www.aw-bc.com/chermnplace 


There are numerous ïssues relating 
to science and society. “In the 
Spotlight” is a special feature of 
Conceptual Chemistry that highlights 
these issues and prods you to con- 
sider implications. These features 
can also serve as a centerpiece for 
potentially heated điscussions with 
your classmates and others. To 
inform yourself further on the issues, 
be sure to explore the related web 
sites listed on the last page of each 
preceding chapter. 


or a claiïm to qualify as “scientific” 

it must meet certaïn standards. 

For example, the claïm must be 
reproducible by others who have no 
stake in whether the claïm is true or 
false. The data and subsequernt inter- 
pretations are open to scrutiny ïn a 
social environment where ït's okay to 
have made an honest mistake, but 
not okay to have been dishonest or 
deceiving. Claims that are presented 
as scientific but do not meet these 
standards are what we calÏ] pseudo- 
science, which literally rneans “fake 
science.” In the realm of pseudo- 
science, skepticism and tests for pos- 
sïble wrongness are downplÌayed or 
flatly ignored. 

Examples of pseudoscience 
abound. Astrology is an ancient belief 
system that supposes there is a mys- 
tical correspondence between indi- 
viduals and the universe—that 
human affairs are so special that 
they are influenced by the positions 
and movemernts of planets and other 
celestial bodies.When astrologers 
use up-to-date astronomical infor- 
mation and computers that chart the 
mnovernents of heavenly bodies, they 
are operating in the realm of science. 
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But when they use these data to pro- 
duce nontestable astrological revela- 
tions, they have crossed over into 
pseudoscience. 

A shaman who studies the oscilla- 
†ions ofa pendulum suspended over 
the abdomen of a pregnant woman 
can predict the sex of the fetus with 
an accuracy of so percent. Downplay- 
ïng all the times he was wrong, the 
shaman can easïly collect hundreds 
of testimonies of success. These testi- 
mnonies, however, are incornplete evi- 
dence of the shamans ability, hence 
they do not qualify as scientific. His 
claims are pseudoscientific. An 
example of pseudoscience that has 
zero success is provided by energy- 
mnultiplying machines. These 
mnachines are alleged to deliver more 
energy than they take in. We are told 
that the designs are “still on the 


drawing boards and ïn need of funds 
for development.” 

Humans are very good at demial, 
which may explaïn why pseudo- 
science ïs such a thriving enterprise. 
Many pseudoscientists themselves 
do not recognize their efforts as 
pseudoscience. A practitioner of 
“absent healing,”for example, may 
truly believe in her abilïty to cure 
people she wiÏÌ never meet except 
through e-maiïl and credit card 
exchanges. The pressure to make a 
decent living in today's fast-paced 
and often heartless society can be 
overwhelming. That said, books on 
pseudoscience greatly outsell books 
on science ïn general bookstores. 
Today there are more than 2o,ooo 
practicing astrologers in the United 
States. Do people ]isten to these 
astrologers just for the fun of ït? 


Many đo, but science writer Martin 
Gardner reports that a greater per- 
centage of Americans today believe 
in astrology and occult phenomena 
than địd citizens of medieval Europe. 
Very few newspapers carry a daïÌy sci- 
ence column, but nearly all provide 
đaily horoscopes. 

Meanwhile, the results of science 
literacy tests given to the general 
public are appalling. Some 63 percent 
of American adults are unaware that 
the last dinosaur died long before the 
first human arose; 75 percent do not 
know that antibiotics kill bacteria 
but not viruses; 57 percent do not 
know that electrons are smaller than 
atoms. In his book The Demon- 
Haunted World, Car] Sagan wrote 
that a truer rmeasure of public under- 
standing ïn science would come from 
asking deeper questions such as: 
“How do we know that dinosaurs 
đied before the first humans arose?” 
or “How do we know that antibiotics 
kill bacteria and not viruses?” or 
“How đo we know that electrons are 
smaller than atoms?” The results of a 
test with such questions would no 
doubt be even more disheartenindg. 

What we find is a rift—a growing 
divide—between those who have a 
trusting understandïng of science 
and those who perceive science as 
stif and unimaginative or,WOorse, 
beyond cormmmon intelligence. Many 
view this as a battle between knowl- 
edge and ignorance, between skepti- 
cism and gullibility, between stepping 
into the future or stepping back to our 
past.With the rise of pseudoscience, ït 
appears that ignorance, gullibility and 
a nostalgia for the good old days of 
demons and infectious điseases are 
ơn the winning side. 


The renowned magician James 
Randi has issued a genuine mil- 
lion-dollar challenge to anyone 
who can demonstrate, under theiïr 
own conditions, any psychic, 
supernatural, or paranormal phe- 
nomenon with adequate controls 
in place. Many have applied, but 
no one has ever won this chal- 
lenge. Why not? 


Was this your answer? As excit- 
ïng as ït would be to have special 
powers, like those of Harry Potter, 
the reality appears to be that ït 
just isnt so.We are simply 
humans who are held firmly 
within the realm of nature, not 
above ït. The kicker, though,1s that 
nature has many ïncredible won- 
ders ofïts own that we have yet to 
điscover. Io make these new and 
exciting discoveries, which would 
you rather choose: the tools of sci- 
ence or the tools of pseudo- 
science? 


IN THE SPOTLIGHT 
DISCUSSION QUESTIONS: 


. Why do many people trust herbal 
Tnedicines to prevent disease? 


cï 


2. Why are health ïnsurance agencies 
beginning to cover expenses for chỉ- 
Topractic care? 


3. Would you rather have a friend or a 
stranger help you through a sick- 
ness? Why? Which health profes- 
sionals tend to be the friendliest? 


4. Why are more people afraid of flying 
than of driving? 


5. Why does the general public have 
such little knowledge or under- 
standing of science? 


6. The CEO of a large corporation is 
told that its operations are leading 
†owards an ecological crisis.Who 
Tnight the CEO first contact to con- 
firm the allegation: a politician,a 
Tnarketing agent, a lawyer, an 
astrologer, an environmental 
activisf, or a sclentist? 


7. Who is best sỉituated to persuade a 
†ough-rminded businessman to 
move hỉs company towards ecologi- 
cally sound practices: a customer, a 
polïitician, a marketing agent, a 
lawyer, an astrologer, an environ- 
mental activist, or a scientist? Rank 
these people in order of their possi- 
ble persuasion power. 


8. A psychic claims to be able to detect 
an object randomly concealed 
within one of several opaque boxes. 
When tested, the psychic performs 
no better than what might be 
expected by chance. What excuses 
mmight the psychic come up with to 
explaïn why he or she was unsuc- 
cessful? 


9. What advice might you provide toa 
scientist who was about to appear 
on a nationally televised program to 
debate a supernatural or paranor- 
mail topic? 


1O. A concentrated herb solution is 
found to have a therapeutic effect. 
Might there still be a therapeutic 
effect if this solution ïs diluted to 
half strength? A quarter strength? 
How about ïf the solution ïs điluted 
repeatedly so that a dose is only 1 
trillion-trillionth as strong, mean- 
ng that the dose contaiïns practi- 
cally none of the original herb 
extract? At what point, ïf any, does 
the herb solution stop having a 
therapeutic effect? Might a dose of 
pure water mislabeled as contain- 
ing the extract also have a thera- 
peutic effect? 
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2.1 Matter Has Physïcal and 
Chemical Properties 


2.2 Atoms Are the Fundamental 
Components of Elements 


2.3 Elements Can Combine 
to Form Compounds 


2.4 Most Materials Are Mixtures 


2.5 Chemists Classify Matter 
as Pure or lmpure 


2.6 Elerments Are Organized 
ïn the Periodic Table 
by Their Properties 


UNDERSTANDING 
CHEMISTRY THROUGH 
ITS LANGUAGE 


As you progress through this chemistry course, you will note 
an accumulating list of terms. Chapter 1 introduced 28 key 
terms, and ïn this chapter youll find another 32! Why all 
these new terms? In the laboratory, chemists perform exper- 
iments, make many observations, and then draw concÌu- 
sions. Over time, the result is a growing body of new 
knowledge that inevitably exceeds the capacity of everyday 
language. For example, in the language of chemistry we say 
that there are rmmore than 1oo kinds of afoms and that any 
material consisting of a single kind of atom is an elemernI†. 
(Some examples of elements are shown ïn this chapter 
opening photographs.) Atoms can link together to form a 
molecule, and a rnolecule consisting of atoms from different 
elemernts is a compound——=and on and on, one term building 
on another as we attempt to describe the nature of matter 
beyond ïts casual appearance. 

Rather than memorizing all the chemistry-related terms 
in this text, however, you will serve yourself far better by 
focusing on the underlying concept each term represents. 
Based on what you learned in Chapter 1, for example, why ïs 
ït that hot coffee can burn your tongue? One answer might 
be that hot coffee contains a large amount of molecular 
kinetic energy. While true, this answer assumes an under- 
standing of the term kinetic enerdy (Section 1.5). A term is 
only a label, however. l† is possible to khow the term without 
understanding the chemistry—]ust as ït is possible to under- 
stand the chemistry without knowing the term. lf you truly 
understand the chemistry but forget the term, you may find 
yourself cormmparing the energy of molecular motion to that 
of a speeding bullet. The faster the bullet——in other words, 
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the greater ïts kinetic energy—the greater ïts capacity to cause harm. 
Similarly, the faster the speed of the molecules in the coffee, the greater 
their capacity to harm your tongue. So, while kinetic eneray and other 
chemistry-related terms are useful for comnmunication, they do not guar- 
antee conceptual understandindg. lf you focus first on the concepts, the 
language used to describe them wilÌ come to you much more naturally. 

Because this chapter focuses on how chemists describe and classify 
matter, ït lays the foundation for all future chapters. Take special note of 
the boldfaced terms, and be sure to practice articulating and paraphras- 
¡ng the concepts they represent. Do this by describing these concepts 
aloud to yourself (or to a friend) without looking at the book. When you 
are able to express these concepts ïn your own words, you wïil] have the 
insight to do well in this course and beyond. 

We begin by looking at how chemists describe matter by ïts physical 
and chemical properties. 


® 21 Matter Has Physical and Chemical Properties 


Ù>= that đescribe the look or feel ofa substance, such as color, hard- 
ness, density, texture, and phase, are called physical properties. Every 
substance has its own set of characteristic physical properties that we can use to 
identify that substance (Figure 2. I). 
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Gold Diamond Water 


Opacity: opaque 
Color: yellowish 
Phase at 25°C: solid 
Density: 19.3 g/mL 


FIGURE 2.1 


Opacity: transparent 
€olor: colorless 
Phase at 25°C: solid 
Density: 3.5 g/mL 


Opacity: transparent 
Color: colorless 
Phase at 25°C: liquid 
Density: 1.0 g/mL 


Gold, diamond, and water can be identifed by their physical properties. IÝa sub- 
stance has all the physical properties listed under gold, for example, it must be gold. 
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The physical properties ofa substance can change when conditions change, 
but that does not mean a different substance is created. Cooling liquid water to 
below 0° causes the water to transform to solid ¡ice, but the substance 1s stilÏ 
water because ¡t is sull HạO no matter which phase it ¡s in. The only difference 
is how the H;O molecules are oriented relative to one another. In the liquid, the 
water molecules tumble around one another, whereas in the ice they vibrate 
about fñxed positions. The freezing of water is an example of what chemists call a 
physical change. During a physical change, a substance changes Its phase or 
some other physical property but øø/ its chemical compositlon, as Figure 2.2 
shows. 


Water molecules, H;O, Water molecules, H;O, Atoms of liquid 
of liquid water of solid water (ice) mercury, Hg, 
at 25°C 
-{a) (b) 


FIGURE 2.2 


Two physical changes. (a) Liquid water and ¡ce might look like different substances, 
but at the submicroscopic level, ¡t is evident that both consist of water molecules. 

(b) Ar 25°C, the atoms in a sample of mercury are a certain distance apart, yielding a 
density oÊ 13.53 grams per milliliter. At 100°C, the atoms are farther apart, meaning 
that cach milliliter now contains fewer atoms than at 25°C, and the density 1s now 
13.35 grams per milliliter. [he physical property we call density has changed with 
the temperature, but the identity of the substance remains unchanged: mercury is 
m€TCUFV. 


PHYSICAL CHANGE 


Atoms of liquid 
mercury, Hg, at | 
100°C (expanded) ị 
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s Hydrogen is touted as the fuel of 
the future. lt burns clean, produc- 
ing only energy and water vapor. 
Much has to happen, however, 
before we can convert from fossiÌ 
fuels to hydrogen. For example, 
we need an efficient method for 
generating hydrogen. ldeally, a 
system will be developed that 
produces hydrogen using the 
energy of direct sunlight. Also, 
the infrastructure for distribut- 
ing hydrogen needs to be built. 
These are no small tasks, but cur- 
rent economic and environmen- 
†taÌ pressures appear to be 
pushing us in this đirection. 

MORE TO EXPLORE: 
American Hydrogen Association 
WWw.clean-air.org 
Www.hydrogennow.org 


FIGURE 2.3 


The chemical properties of sub- 
stances allow them to transform 
to new substances. Both natural 
gas and baking soda transform 
to carbon dioxide and water. 
Copper transforms to patina. 
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The melting of gold is a physical change. Why? 


Was this your answer? During a physical change, a substance changes only 
one or more of ïts physical properties; its 4entity does not change. Because 
melted gold is still gold but im a different form, this change ïs a physical 
change. 


Chemical properties are those that character1ze the ability of a substance 
to react with other substances or to transform from one substance to another. 
Figure 2.3 shows three examples. The methane of natural gas has the chemical 
Property of reacting with oxygen to produce carbon dioxide and water, along 
with lots of heat energy. Similarly, it is a chemical property of baking soda to 
react with vinegar to produce carbon dioxide and water while absorbing a 
small amounrt of heat energy. Copper has the chemical property oŸ reacting 
with carbon dioxide and water to form a greenish-blue solid known as patina. 
Copper statues exposed to the carbon dioxide and water in the air become 
coated with patina. The patina is not copper, it is not carbon dioxide, and it ¡s 
not water. Ít 1s a new substance formed by the reaction of these chemicals with 
one another. 

All three of these transformations involve a change in the way the atoms in 
the molecules are eðezz7ezlJy 0oøeđ to one another. (A cðez/cal bon 1s the 
attraction berween two atoms that holds them together in a molecule.) A 
methane molecule, for example, ¡is made of a single carbon atom bonded to 
four hydrogen atoms, and an oxygen molecule is made of two oxygen atoms 
bonded to each other. Figure 2.4 shows the chemical changec in which the 
atoms in a methane molecule and those in two oxygen molecules first pull 
apart and then form new bonds with different partners, resulting ¡n the for- 
mation of molecules of carbon dioxide and water. Any change in a substance 
that involves a rearransgement of the way atoms are bonded is called a 
chemical change. Thus the transformation of methane to carbon dioxide and 
water ¡is a chemical change, as are the other two transformations shown in 
Figure 2.3. 

The chemical change shown in Figure 2.5 occurs when an electric current is 
passed through water. The energy of the current causes the water molecules to 
splït into atoms that then form new chemical bonds. Thus, water molecules are 
changcd into molecules of hydrogen and oxygen, two substances that are very 
diferent from water. The hydrogen and oxygen are both gases at room temper- 
ature, and they can be seen as bubbles rising to the surfacc. 


Methane 

Reacts with oxygen to form 
carbon dioxide and water, 
giving off lots of heat during 
the reaction. 


Baking soda 

Reacts with vinegar to form 
carbon dioxide and water, 
absorbing heat during the 
reaction. 


Copper 

Reacts with carbon dioxide 

and water to form the greenish- 
blue substance called patina. 
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— =) Carbon 
“ - dioxide 


Methane 


FIGURE 2.4 


The chemical change in which molecules of methane and oxygen transform to mol- 
ecules ofcarbon dioxide and water as atoms break old bonds and form new ones. 
The actual mechanism of this transformation is more complicated than depicted 
here; however, the idea that new materials are formed by the rearranyement ofatoms 
1S aCCUTate. 


FIGURE 2.5 


XWater can be transformed to 
hydrogen gas and oxygen gas by 
the energy ofan electric current. 
Thịs is a chemical change 
because new materials (the two 
gases) are formed as the atoms 
originally in the water molecules 
are rearranged. 


Liquid water, H;O 


Gaseous oxygen, O; 


Gaseous hydrogen,H; 
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In the language of chemistry, materials undergoing a chemical change are said 
to be 7ze2c/7e. Methane zezcs with oxygen to form carbon dioxide and water. 
WWater 7z¿zcs when exposed to electricity to form hydrogen gas and oxygen gas. 
Thus the term ¿/2/cz/ chazgể means the same thing as e#ðe727e2l zé2cfZØ7. ÏÖuT- 
¡ng a chemicalÍ reaction, new materials are formed by a chang in the way atoms 
are bonded together. Ñe shall explore chemical bonds and the reactlons in 
which they are formed and broken in later chapters. 


r-CONCEELểrt 


Each sphere in the following diagrams represents an atom. Joined spheres 
represent molecules. One set of diagrams shows a physical change, and the 
other shows a chemical change. Which ïs which? 


Was thỉs your answer? Rermmember that a chemical change (also known as a 
chemiical reaction) ïnvolves molecules breaking apart so that the atoms are 
free to form new bonds with new partners. You must be careful to distin- 
guish this breaking apart from a mere change in the relative positions of a 
group of molecules. In set A, the rnolecules before and after the change are 
the same. They differ only in their positions relative to one another. Set A 
therefore represents a physical change. In set B, new rnolecules consisting of 
bonded red and blue spheres appear after the change. These molecules rep- 
resent a new material, and so B ïs a chemical change. 


si ï 
—— c4fpcl 
wW SP | 
densing on the outside of the pot? 
his activity is for those of you wïth .. Where did it come from? Would more 
access to a gas stove. Place a large or less of this product form ïf the pot 


pot of cool water on top of the 
stove, and set the burner on hỉgh. 
What product from the combustion 
of the natural gas do you see con- 


contained ice water? Where does this 
product go as the pot gets warmer? 
What physical and chemical changes 
can you identify? 
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DETERMINING WHETHER A CHANGE IS PHYSICAL OR CHEMICAL 
CAN BE DIFFICULT 


Hovw can you tell whether a change you observe ¡s physical or chemical? Ít can 
be tricky because in both cases there are changes in physical appearance. ÑWater, 
for example, looks quite different after it freezes, just as a car looks quite differ- 
ent after it rusts (Figure 2.6). The freezing of water results from a change in 
how water molecules are oriented relative to one another. This ¡is a physical 
change because liquid water and frozen water are both forms of water. The 
rusting ofa car, by contrast, is the result of the transformation of iron to rust. 
Thịs ¡is a chemical change because iron and rust are two different materials, 
cach consisting ofa different arrangement ofatoms. Äs we shalÏ see in the next 
tWO S€ctions, iron ¡s an e/zø and rust is a e22Ø/ consisting of iron and 
OXygen atoms. 

By studying this chapter, you can expect to learn the difference between a 
physical change and a chemical change. However, you cannot expect to have a 
ñrm handle on how to categorize an observed change as physical or chemical 
because doing so requires a knowledge of the chemical identity of the materi- 
als involved as welÏ as an understanding of how their atoms and molecules 
behave. This sort of insight builds over many years of study and laboratory 
eXperlence. 

There are, however, two powerful guidelines that can assist yOu in assessing 
physical and chemical changes. First, in a physical change, a change In appear- 
ance is the result of a new set of conditions imposed on the s2 material. 
Restoring the original conditions restores the original appearance: Írozen water 
melts upon warming. Second, ¡n a chemical change, a change In appearance Is 
the result of the formation ofa 7z material that has its own unique set of phys- 
Ical properties. The more evidence you have suggesting that a different material 
has been formed, the greater the likelihood that the change ¡s a chemical change. 
Iron is a material that can be uscd to build cars. Rust ¡s not. This suggests that 
the rusting ofiron ¡s a chemical change. 

Figure 2.7 shows potassium chromate, a material whose color depends on 
tempcraturc. Ât room temperature, potasstum chromate is a bripht canary ycÌ- 
low. At higher temperatures, it is a deep reddish orange. pon cooling, the 
canary color returns, suggesting that the change ¡is physical. With a chemical 


FIGURE 2.6 


The transformation of water to 
ice and the transformation of 
iron to rust both involve a 
change in physical appearance. 
The formation of¡ce is a physical 
change, and the formation of rust 
1s a chemical change. 
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FIGURE 2.7 


Potassium chromate changes color as its temperature changes. This change in color 
is a physical change. A return to the original temperature restores the original bright 
yellow color. 


chanøge, reverting to original conditions does not restore the original appearance. 
Ammonium dichromate, shown in Figure 2.8, ¡s an orange material that when 
heated explodes into ammonia, water vapor, and øreen chromium(ITI) oxide. 
hen the test tube is returned to the original temperature, there is no trace of 
orange ammonium dichromate. In its place are new substances having com- 


pletely different physical properties. 


FIGURE 2.8 


WWhen heated, orange ammonium dichromate undergoes a chemical change to 
ammonia, water vapor, and chromium(III) oxide. A return to the original tempera- 
ture does not restore the orange color because the anamonium dichromate is no 
longer there. 
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Michaela has grown an inch ïn height over the past year. Is this best 
described as a physical or a chemical change? 


Was thỉs your answer? Are new materials being formed as Michaela grows? 
Absolutely——created out of the food she eats. Her body is very different from, 
say, the peanut butter sandwich she ate yesterday. Yet through some very 
advanced chemistry, her body is able to take the atoms of that peanut butter 
sandwich and rearrange them into new materials. Biological growth, there- 
fore,is best described as a chemical change. 


* 2.2. Atoms Are the Fundamental Cornponents 
of Elements 


ou know that atoms make up the matter around you, from stars to steeÌ to 

chocolate ice cream. You might think that there must be many different 
kinds of atoms to account for the huge diversity of matter, but the number of 
different kinds of atoms is surprisingly small. The great variety of substances 
results from the many ways a few kinds of atoms can be combined. Just as the 
three colors red, green, and blue can be combined to form any color on a televi- 
sion screen, or the 26 letters of the alphabet make up all the words in a diction- 
ary, only a few kinds of atoms combine ¡in different ways to produce all 
substances. To date, we know ofsÏightly more than 100 distinct atoms. Of these, 
about 90 are found in nature. The remaining atoms have been created in the 
laboratory. 

Any material that is made up ofonly one type ofatom is classiied as an elem- 
ent. A few examples are shown ¡in Figure 2.9. Pure gold, for example, ¡s an ele- 
ment—it contains only gold atoms. Similarly, one of the øases In aïr Is nitrogen, 
an element. ÌNitrogen gas is an element because it contains onÌy nitrogen atoms. 
Likewise, the graphite in your penciÌ is an elcement—carbon. Graphite ¡is made 
up solely of carbon atoms. All of the elements are listed in a chart called the 
periodic table, shown in Eigure 2.10. 

As you can see from the periodic rable, cach elemenr is designated by its 
atomic symbol, which comes from the letters of the elements name. For exam- 
ple, the atomic symbol for carbon is C and that for chỈorine ¡s CÍ. In many cases, 


Atomic symbol 
for gold 


Au 


A gold atom 


The element gold 


Atomic symbol 
for nitrogen 


A nitrogen atom in 
nitrogen molecule 


The element nitrogen 


Atomic symbol 
for carbon 


A carbon atom 


—The element carbon 


FIGURE 2.9 


Any element consists of onÌy one 
kind ofatom. Gold consists of 
only gold atoms, a flask of 
Øaseous nitrogen consists ofonly 
nitrogen atoms, and the carbon 
ofa praphite pencil consists of 
only carbon atoms. 
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FIGURE 2.10 
The periodic table lists all the 


- known elements. 


FIGURE 2.11 


A plumb bob, a heavy weighrt attached to a string and used 

- by carpenters and surveyors to establish a straipht vertical 
line, gets it name from the lead (ø/zzz#zz, Pb) that ¡s stilÍ 
sometimes used as the weight. Plumbers got their name 
because they once worked with lead pipes. 
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the atomic symbol is derived from the elemenrs Latin name. Gold has the 
atomic symbol Au after its Latin name, z2. Lead has the atomic symbol Pb 
after its Latin name, ø/⁄øzzw (Eigure 2.11). Elements having symbols derived 
from Latin names are usually those discovered earliest. Note that only the first 
letter ofan atomic symbol is capitalized. The symbol for the element cobalt, for 
instance, ¡s Co, while CO ¡1s a combination of two elements: carbon, €, and 
oxygen, Q. 

The terms z/z£z and 4/øz are often used in a similar context. You might 
hear, for example, that gold ¡s an element made of gold atoms. Generally, 
£/zzz£ø 1s used in reference to an entire macroscopic or microscopic sample, and 
4/øzz is used when speaking of the submicroscopic particles in the sample. The 
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Important distinction ¡s that elements are made ofatoms and not the other way 
around. 

How many atoms are bound together ¡n an clement ¡is shown by an 
elemental formula. For elements in which the basic units are individual atoms, 
the elemental formula is simply the chemical symbol: Au ¡s the elemental for- 
mula for gold, and Li ¡s the elemenral formula for lithium, to name Just two 
examples. For elements in which the basic units are two or more atoms bonded 
into molecules, the elemenral formula ¡s the chemical symbol followed by a sub- 
script Indicating the number ofatoms in each molecule. For example, elemental 
nitrogen, as was shown in Figure 2.9, commonly consists of molecules contain- 
ing two nitrogen atoms per molecule. Thus N; ¡s the usual elemental formula 
given for nitrogen. Similarly, ©; ¡s the elemental formula for oxygen, and Š; is 
the elemenral formula for sulfur. 


cK 


The oxygen we breathe, O;, is converted to ozone, O.,ïn the presence of an 
electric spark. Is this a physical or chemical change? 


Was thỉs your answer? When atoms regroup, the result is an entirely new 
substance, and that is what happens here. The oxygen we breathe, O,, ïs 
odorless and life-giving. Ozone, O., can be toxic and has a pungent smell 
cormmmonly associated with electric motors. The conversion of O, to O: is 
therefore a chemical change. However, both O, and O: are elemental forms 
Of oxygen. 


* 2.3 Elements Can Combine to Form Compounds 


hen atoms of đ72zez? elements bond to one another, they make a 

compound. Sodium atoms and chlorine atoms, for example, bond to 
make the compound sodium chloride, commonly known as table salt. Nitrogen 
atoms and hydrogen atoms join to make the compound ammonia, a common 
household cleaner. 

A compound is represented by ¡its chemical formula, ¡n which the symbols 
for the elements are written together. The chemical formula for sodium chloride 
1s NaC] and that for ammonia ¡is NH;. Numerical subscripts indicate the ratio 
in which the atoms combine. By convention, the subscript I is understood and 
omitted. So the chemical formula NaC] tells us that in the compound sodium 
chloride there ¡s one sodium for every one chÏorine, and the chemical formula 
NH; tells us that in the compound ammonia there is one nitrogen atom for 
every three hydrogen atoms, as Figure 2.12 shows. 

Compounds have physical and chemical properties that are different from the 
Properties of their elemental components. The sodium chloride, NaC], shown 
in Figure 2.13 is very different from the elemental sodium and elemenral chlo- 
rine used to form ¡t. Elemenral sodium, Na, consists of nothing but sodium 
atoms, which form a soft, silvery metal that can be cut casily with a knIfe. Ïts 
melting point is 97.5°C, and it reacts violentÌy with water. Elemenrtal chÏorine, 
CŨ;, consists of chlorine molecules. This material, a yellow-green gas at room 
temperature, ¡is very toxic and was used as a chemical warfare agent during 
World War L. Its boiling point is 234°C. The compound sodium chỈoride, 
NaC], ïs a translucent, brirtle, colorless crystal having a meltng point of 800°C. 
Sodium chÏloride does not chemically react with water the way sodium does, and 
not only is it not toxic to humans the way chỈorine is, but the very opposite is 


f 

s Carbon is the only element that 
can form bonds with ïtself indefi- 
nitely. Sulfur's practical limit is S; 
and nitrogen limit is around 
N;. The elemental formula for a 
1-carat điamond,however, is 
about Co 200/00/090/000/000,000/o60° 
MORE TO EXPLORE: 
See Chapter 9 for a calculation of 
the number of carbon atoms in a 
1-carat diamond. 


Sodium chloride, NaCl 


Hydrogen 


+ 


xi tế 


© 


Ammonia,NH; 


SEiSURE s.a 


The compounds sodium chloride 
and ammonla are represented by 
their chemical formulas, NaC]Ï 
and NH¿. A chemical formula 
shows the ratio of atoms used to 
make the compound. 
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Sodium metal 


_ 


and chlorine gas react to form sodium chloride ị 


FIGURE 2.13 


Sodium metal and chlorine gas react together to form sodium chloride. Although 
the compound sodium chÏloride is composed of sodium and chlorine, the physical 
and chemical properties ofsodium chloride are very different from the physical and 
chemical properties of either sodium metal or chỈorine gas. 


true: it is an essential component ofall living organisms. Sodium chloride is not 
sodium, nor is ¡t chÏorine; ¡t is uniquely sodium chloride, a tasty chemical when 
sprinkled lightÌy over popcorn. 


cK 


Hydrogen sulfide, H,S, is one of the smelliest compounds. Rotten eggs get 
their characteristic bad smell from the hydrogen sulfide they release. Can 
you infer from this information that elemental sulfur, S;, is just as smelly? 


Was thỉs your answer? No, you cannot. In fact,the odor of elermental sulfur 
is negligible compared with that of hydrogen sulfide. Compounds are truÌy 

different from the elements from which they are formed. Hydrogen sulfide, 

H,S,is as different from elemental sulfur, S;, as water, H„O, is from elermental 
oxygen, O,. 


COMPOUNDS ARE NAMED ACCORDING TO THE ELEMENTS 

THEY CONTAIN 

A system for naming the countless number of possible compounds has been 
developed by the International Union for Pure and Applied Chemistry 
(TUPAC). This system ¡s designed so that a compound name reflects the ele- 
menrs it contains and how those elements are put together. Anyone familiar 
with the system, therefore, can deduce the chemical identity oÊa compound 
Írom Its sJs/£72//c 74. Âs you might imagine, this system is Very IntrICate. 
However, you need not learn all its rules. At this point, learning some guidelines 
will prove most helpful. These guidelines alone will not enable you to name 
every compound; however, they will acquaint you with how the system works 
for many simple compounds consisting of only rwo elements. 


2.3 ELEMENTS CAN COMBINE TO FORM COMPOUNDS 


hx 

° r 
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OXYGEN BUBBLE BURSTS 


SAFETY NOTE 


Wear safety g]lasses, and remove all 
combustibles, such as paper towe]s, 
from the area. Keep your fingers wel] 
away from the flame because ït wil] 
glow mnore brightly as ït is exposed to 
the oxygen. 


ornpounds can be broken down †o 

their cormnponent elements. For 

example, when you pour a solu- 
tion of the cornpound hydrogen per- 
oxide, H,O,, over a cut, an enzyme in 
your blood decomposes it to produce 
OXygen gas, O,, as evidenced by the 
bubbling that takes place. It is this PROCEDURE 
oxygen at high concentrations at the 
site of injury that kills off microor- 
ganisms. A similar enzyme ïs found 
in bakers yeast. 


1. Pour the yeast into the glass. Add 
a couple of capfuls of the hydro- as the escaping oxygen passes 
gen peroxide and watch the oxy- OVver ït. 
gen bubbles form. 


Describe oxygen's physical and 
WHAT YOU NEED 39 PIW 


2. Test for the preserice of oxygen chemical properties. 
Packet of baker's yeas†; 3 percent by holding a lighted match with 
hydrogen peroxide solution; short, the tweezers and putting the 
wide drinking gÌass; tweezers; flame near the bubbles. Look for 
matches the flame to glow more brightly 


6UIDELINE 1 The name ofthe element farther to the left in the periodic table 
¡s followed by the name of the element farther to the ripht, with the suffix -Ze 
added to the name of the latter: 


NaCl Sodium chloride HƠI  Hydrogen chloride 
L,O  Lithium oxide MgO_ Magnesium oxide 
CaF, CalciumHuorde  §Sr;P; Strontium phosphide 


6UibELiINE 2z When two or more compounds have different numbers of the 
same elements, prefixes are added to remove the ambiguity. The first four pre- 
fixes are 7øø- (“one”), đ7- (“two”), zz/- (“three”), and z£/zz- (“four”). The prefix 
owø¬, however, is commonly omitted from the beginning of the ñrst word of 
the name: 


Carbon and oxygen 
CO Carbon monoxide 
CO, Carbon dioxide 


Ñitrogen and oxygen 
NO, Nitrogen dioxide 
N;Ox_ Dinitrogen tetroxide 


Sulfur and oxygen 
SO,  Sulfur dioxide 
SO; _ Sulfur trioxide 


6UibELIWME 3 Many compounds are not usually referred to by their systematic 
names. Instead, they are assigned cø7øø øes that are more convenient or 
have been used traditionally for many years. Some common names we use in 
Coøcep£ual Cemwzstry are 0ater tor HO, awzzøø7a2 tor NH, and zze£bane for 
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FIGURE 2.14 


Earths atmosphere is a mixture 
OÊ gaseous elements and com- 
pounds. Some ofthem are shown 
here. 


CH¿. Pteroenone, the name of the compound extracted from the sca butterfy 
referred to in Chapter 1, ¡sa common name. The systematic name for this com- 
pound, though more descriptive of the elements it contains, is much longer: 


5(S)-methyl-6(®)-hydroxy-7,9-dimethyl-7,9-diene-4-undecanone. 


cK 
What is the systematic narne for NaF? 


Wa:s thỉs your answer? This compound, sodium fluoride, is a common 
ingredient of most toothpastes. 


® 2.4 Most Materials Are Mixtures 


mixture is a combination of two or more substances in which cach sub- 
Stance retains its properties. Most materials we encounter are mixtures: 
mixtures of elements, mixtures of compounds, or mixtures of elements and 
compounds. Stainless steel, for example, is a mixture of the elemenrs iron, 
chromium, nickel, and carbon. Seltzer water is a mixture of the liquid com- 
pound water and the gaseous compound carbon dioxide. Qur atmosphere, as 
Eigure 2.14 illustrates, is a mixture of the clements nitrogen, oxygen, and argon 
plus small amounts ofsuch compounds as carbon dioxide and water vapOr. 
Tap water 1s a mixture containing mostÌy water but also many other com- 
pounds. Depending on your Ìocation, your water may contain compounds of 
calcium, magnesium, fluorine, iron, and potassium; chlorine disinfectants; 
trace amounts of compounds of lead, mercury, and cadmium; organic com- 
pounds; and dissolved Oxygen, nitrogen, and carbon dioxide. Although ït is 
surely important to minimize any toxic components in your drinking water, 
1t 1s unnecessary, undesirable, and impossible to remove all other substances 
from it. Some of the dissolved solids and gases give water its characteristic 
taste, and many of them promote human health: chlorine destroys harmful 


Component 


Percent composition 


Nitrogen,N; 78% | 
Oxygen,O; 21% 

Argon, Ar 0.9% 
Water, H;O 0~4% (variable) | 


ị Carbon dioxide, Út by: 0.034% (variable) 


| ị 
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bacteria, and as much as 10 percent of our daiÌy requirement for iron, potas- 
sium, calcium, and magnesium is obtained from drinking water (Figures 2.15 
and 2.16). 


CK- 


So far, you have learned about three kinds of matter: elements, compounds, 
and mixtures. Which box below contains only an element? Which contaiïns 
only a compound? Which contains a mixture? 


A B C 


Was thỉs your answer? The rnolecules ïn box A each contain two different 
types of atoms and so are representative of a compound. The molecules in 
box B each consist of the same atoms and so are representative of an ele- 
ment. Box C ïs a mixture of the compound and the elemertt. 

Note how the molecules of the compound and those of the element 
remaïin intact in the mixture. That is,upon the formation ofthe mixfure, 
there is no exchange of atoms between the components. 


There is a difference between the way substances—either elements or com- 
pounds—combine to form mixtures and the way elements combine to form 
compounds. Each substance in a mixture retains its chemical identity. [he sugar 
molecules in the teaspoon of sugar in Figure 2.17, for example, are identical to 
the sugar molecules already in the tea. The only difference ¡s that the sugar mol- 
ecules in the tea are mixed with other substances, mostly water. The formation 
of a mixture, therefore, is a physical change. As was discussed in Section 2.3, 
when elements join to form compoundk, there ¡s a change in chemical identity. 
Sodium chloride is not a mixture of sodium and chÏorine atoms. Instead, 
sodium chloride ¡s a compound, which means it is entirely different from the 
elements used to make it. The formation ofa compound ¡is therefore a chemical 
changc. 


MIXTURES CAN BE SEPARATED BY PHYSICAL MEANS 


The components of mixtures can be separated from one another by taking 
advantage of differences in the components` physical properties. A mixture of 
solids and liquids, for example, can be separated using filter paper through 
which the liquids pass but the solids do not. Thĩs is how coffee ¡s often made: 
the caffeine and Havor molecules in the hot water pass throuph the fiÏter and 
Into the coffee pot while the solid coffee grounds remain behind. This method 
OÊ separating a solid-liquid mixture is called /z⁄//øø and is a common tech- 
nique used by chemists. 

Mixtures can also be separated by taking advantage of a difference In boil- 
¡ng or melting points. Seawater 1s a mixture oŸ water and a varlety of com- 
pounds, mostly sodium chloride. Whereas pure water boils at 100°C, sodium 
chloride doesnt even z# until 800°C). One way to separate pure water from 
the mixture we call seawater, therefore, ¡is to heat the seawater to about 
100°C. Át this temperature, the liquid water readily transÍorms to water 
vapor but the sodium chloride stays behind, dissolved in the remaining water. 
As the water vapor rises, it can be channeled into a cooler container, where it 


FIGURE 2.15 


Tap water provides us with water 
as well as a large number of other 
compounds, many of which are 
Ñavorful and heÌp us to grow. 
Bottoms upl 


FIGURE 2.16 


Most of the oxygen in the air bub- 
bles produced by an aquarium aer- 
atOr escapes into the atmospherc. 
Some of the oxygen, however, 
mixes with the water. Ït is this oxy- 
gen the fish depend on to survive. 
WWithout this dissolved oxygen, 
which they cxtract with thetr gills, 
the ñsh would promptly drown. 
So ñsh dont “breathe” water. They 
breathe the oxygen, O;, dissolved 
1n the water. 
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molecule, which is 
sucrose, C;H;zO 


Table sugar is a compound con- 
sisng ofonly sucrose molecules. 
Once these molecules are mixed 
into hot tea, they become inter- 
spersed among the water and tea 
molecules and form a sugar-tea- 
water mixture. No new com- 
pound:s are formed, and so this is 
an example ofa physical change. 


condenses to a liquid without the dissolved solids. This process of collecting a 
vaporized substance, called 274///z/øøw, 1s ilÏustrated in Figure 2.18. After all 
the water has been distiled from seawater, what remain are dry solids. These 
solids, also a mixture of compounds, contain a variety of valuable materials, 
including sodium chloride, potassium bromide, and a small amounrt of gold! 
(For details on why this gold ¡s not recoverable, see Section 18.3.) Further 
separation of the components of this mixture is of signifcant commercial 
interest (Figure 2.19). 


1220, Z 


(b) xa 
“EIS6URE z.ts 

At the southern end of San Francisco Bay 
(a) A simple distillation setup used to separate one component—water—— are areas where the seawater has been parti- 
from the mixture we cal[ seawater. The seawater ¡s boiled in the fask on the tioned off.These are evaporation ponds 
left. The rising water vapor is channeled into a downward-slanting tube where the water is allowed to evaporate, 
kept cool by cold water flowing across its outer surface. The water vapor leaving behind the solids that were dissolved 
inside the cool tube condenses and collects ¡n the flask on the right. (b) A in the seawater. These solids are further 
whiskey suill works on the same principle. A mixture containing alcohol is relned for commercial sale. The remarkable 
heated ro the point where the alcohol, some flavoring molecules, and some color of the ponds results from suspended 
water are yaporized. These vapors travcl through the coppcr coils, where particles ofiron oxide and other minerals, 


they condense to a liquid ready for collection. which are easily removed during refning. 
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ctP?, 
kế 
Š/¿ae! 
kế . 

Boïl the water to dryness. (Turn off 
hatS in a glass of water? Sepa- the burner before the water is all 
rate the components oÝyour gone. The heat from the pot wil] 
tap water to find out. finish the evaporation.) 

WHAT YOU NEED 2. Examine the resulting residue 


by scraping ït with the knife. 
These are the solids you ingest 
with every gÌass of water you 


Tap water, sparkling clean cooking 
pot, stove, knife 


SAFETY NOTE drink. 
Wear safety glasses for step 1 because 3. To see the gases đissolved ïn your 
sơme splattering may OCCur. water, fill a clean cooking pot with 


water and let ït stand at room 


PRDCEDURE temperature for several hours. 
1.. Puton your safety glasses and add Note the bubbles that adhere to 
the tap water to the cooking pot. the inner sides of the pot. 


35 


Where did the bubbles of step 3 
corne from? What do you suppose 
they contain? 


® 2.s Chemists Classify Matter as Pure or lImpure 


fa material is pure, it consists of only a single element or a single com- 
pound. In pure gold, for example, there is nothing but the elemenr gold. In 


pure table salt, there is nothing but the compound sodium chloride. IÝa mate- 
rial is impure, ït is a mixture and contains two or more elements or compounds. 


Thịs classiication scheme ¡s shown ¡in Eigure 2.20. 


Because atoms and molecules are so smalÏ, ¡t is impractical to prepare a sam- 
ple that is truÌy pure—that is, truly 100 percent ofa single material. For exam- 
ple, 1 just one atom or molecule out o£a trillion trillion were different, then 
the 100 percent pure status would be lost. Samples can be “puriRed” by vari- 
ous methods, however, such as distillation. WWhen we say Ø2, ¡t is understood 
to be a relative term. Comparing the purity oftwo samples, the purer one con- 
tains fewer impurities. A sample of water that is 99.9 percent pure has a greater 


MATTER 


Pure Impure 
(mixture) 
Element Compound Homogeneous Heterogeneous 
Gold, Au Salt, NaCl =.. mixture 
Sulfur, S; Carbon dioxide, CO, Sand in water 
Nitrogen,N; _ Ammonia,NH; Oil and water 
Sand and salt 
Solution Suspension 
Air (N;,O›) Milk (water, solid proteins) 


Salt water (NaCl,H;O) _ Blood (water,solid proteins) 
White gold (Au, Pd) Fog (air,tỉny water droplets) 


FIGURE 2.20 


'The chemical classification o£ 
- Maft€T. 
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_= Yellow gold ïs a solid homoge- 


| 
| 


neous mixture (alloy) of gold with 
smaller amounts of cheaper met- 
als such as copper or zinc. White 
gold is an alloy of gold with 
smaller amounts of white metals, 
such as silver or palladium.White- 
gold jewelry is often coated with 
rhodium,another white, but 
expensive, metal. Unlike gold,the 
precious metal platinum is used 
ïn jewelry in almost ïts pure form, 
about 9s percent. Platinum isa 
very white metal and so does not 
need to be rhodium-plated like 
white gold. Platinum is also very 
dense. A platinum ring wiT] feel 
heavier than a typical yellow- or 
white-gold rïng, but ït will also be 
much more expensive. 

MORE TO EXPLORE: 
Gillett's Jewellers 
www.gilletts.com.au 
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proportion of impuritles than does a sample of water that is 99.9999 percent 
pure. The 99.9999 percenr pure water would be much more expensive because 
this hich degree of purity Is rather dificult to attain (see Calculation Corner on 
page 58). 

Sometimes, naturally occurring mixtures are labeled as being pure, as in “pure 
orange Jjuice.” Such a statement merely means that nothing aruifcial has been 
added. According to a chemists delnition, however, orange juice is anything 
but pure, as It contains a wide variety of materials, including water, puÌp, flavor- 
1n8s, vitamins, and SUgars. 

Mixtures may be heterogeneous or homogeneous. In a heteroøgeneous mỉx- 
ture, the different components can be seen as individual substances, such as 
pulp ïn orange juice, sand in water, or oil globules dispersed in vinegar. The di£ˆ 
Íerent components are visible. Homogeneous mixtures have the same compo- 
sidon througphout. Any one region of the mixture has the same ratio of 
substances as does any other region, and the components cannot be seen as Indi- 
vidual identiiable entities. The distinction ¡s shown ¡n Figure 2.21. 

A homogeneous mixture may be either a solution or a suspension. Ín a solut- 
ion, all components are ¡in the same phase. The atmosphere we breathe is a 
øaseous solution consisting of the gaseous elements nitrogen and oxygen as welÏ 
as minor amounts oÊ other øaseous materials. Saltwater ¡s a liquid solution 
because both the water and the dissolved sodium chloride are found in a single 


Granite “Snow”in snow globe 


(a) Heterogeneous mixtures 


Air Clear seawater White gold 


(b) Homogeneous mixtures 


- FIGURE 2.21 


(a) In heterogeneous mixtures, the different components can be seen with the naked 
eye. (b) In homogeneous mixtures, the difÍerent components are mixed at a much 
ñner level and so are not readily distinguished. 
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Lý 


HOW PURE IS PURE? 


# A 1oo-gram sample of water contaïns about 3 trillion 
trillion molecules. lf this sample were ideally pure, every 
one of those rnolecules would be water. Atormns and mol- 
ecules, howevey, are so amazingly smalÏ, hence numer- 
ous, that the formation of an ideally pure sample of 
macroscopic quantity is virtually impossible. 


or example, consider a 1oo-gram sample of water that 

is 99.9999 percent pure. What this means is that the 

sample contains 99.9999 grams of water, which ïs still 
about 3 trillion trillion water molecules. Pretty good, right? 
However, if the remaining o.ooo1 gram were made of dis- 
solved lead, Pb, then this would correspond to about 
3oo,ooo trillion atoms of Pb, which ïs quite small com- 
pared to the number of water molecules, but ïs stiÏl an 
amazingly large number. 

Any material that is seemingly pure wïil] inevitably con- 
taïn impurities. Sometimes these ïmpurities are of partic- 
ular interest. For example, minor ïimpurities in a solution 
might be toxic and their presence needs to be monitored. 
How nuch ïs present is frequently rmmeasured in units of 
milligrams per liter of solution (mg/L), micrograms per 
liter (ug/L),or nanograms per liter (ng/L). 

What is the ratio of lead to water ïn a solution that con- 
tains 1mg of dissolved lead per 1 liter of water? 


Step 1. Convert milligrams of Pb into grams of Pb: 


(im nh 


: | = O.OO1 gram ofPb 
1OOO n6 


Step 2. Water has a density of1 kg/L,so the number of 
gramsïn a Titer of water is: 


/ 1kg 
(1L ofwater) ó2 3 | =1ooo grams ofwater 
Ư | 1d 


Step 3. Multiply by 1ooo to simplify the ratio: 


o.ooigPb 
————————|X1ooo 
1OOO g water 


1gramPb 
1,OOO,OOO grarmns of water 


From this calculation, we see that a 1-mg/L solution 
contains 1 part impurity for every 1 million parts of water. 
For this reason, the units of rng/L are also often expressed 
as parts per rnillion, or simpÌy ppm. Similarly, mïicrograms 
per liter is often expressed as parts per billion, ppb, and 
naanograms per liter ïs often expressed as øarfs per trillion, 
ppt 


EXAMPLE 


There are about 35 grams of salts ïn every lïiter of ocean 
water. Express this concentration in units of ppm. 


ANSWER 


Convert grams of salt into milligrams of salt: 


1OOO mg 


(35 LÌ 2| Sen) = 35,OOO mg salts 
1 


There are about 35,ooo rng of salts in a liter of ocean water, 
which equals 35,ooo ppm. 


EXAMPLE 


A sample of water ïs found to have a lead concentration of 
4 ppm.Whatis this concentration ïn units of ppb? In ppt? 


ANSWER 

Use the following conversion factors 
1ppm = 1ooo ppb 
1ppb = 1ooo ppt 


: c ppb 


(4+ ppm) : | = 4OoO ppb 
1 ppm 


1OOO PP 


: | = 4,OOO,OOO PpPL 
1 ppb 


(a4ooo ppb | 


Interestingly, the concentration of gold ïn ocean water is 
about 4 ppt. 


YOUR TURN 


1. Typical levels offluoride found ïn fluoridated public 
drinking water is about 1.o ppm. lfyou were to drink a 
quarter of a lïter (2so rnL) of this water, how many 
micrograms of fluoride would you have ingested? 


2.. Aquatic organisms require a đissolved oxygen concen- 
tration of about 6 ppm. How mmany grams of oxygen is 
this per liter of water? 


3. Chloroform,CHCI.,ïs a common contaminant of chlori- 
nated drinking water. A usual concentration may be 
around 25 ppb. How many milligrams is this per liter of 
water? 


4. In the country you live ïn,what1s your concentration 
expressed ïn units of ppb? What is your concentration 
ïn the world (assume total human population of 6.2 bïl- 
lion) expressed ïn units of ppb? In units of ppt? 


Answers to Calculation Corners appear at the end oƒ each chapter. 
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when the light passes through a 
Su§pension. 


liquid phase. An example ofa solid solution ¡s white gold. e shall be discussing 
solutions in more detail in Chapter 7. 

A suspension forms when the particles of a substance are ñnelÌy mixed but 
not dissolyved. The components of a suspension can be of different phascs, 
such as solid particles suspended within a liquid or liquid droplets suspended 
within a gas. Ïn a suspension, the mixing can be so thorough that the different 
phases are not readily distinguished. Milk is a suspension because it 1s a homo- 
geneous mixture of proteins and fats finely dispersed in water. Blood is a sus- 
pension composed of ñnely dispersed blood cells in water. Another example 
of a suspension ¡s clouds, which are homogeneous mixtures 0 tỉny water 
droplets suspended ¡in air. Shining a light through a suspension, as is done in 
Figure 2.22, results in a visible cone as the light ¡s reflected by the suspended 
components. 

The easiest way to distinguish a suspension from a solution in the laboratory 
1s to spin a sample in a centrifuge. This device, spinning at thousands of revolu- 
tions per minute, separates the components of suspensions but not those of 
solutions, as Figure 2.23 shows. 


Impure water can be purified by 
a. removing the impure water molecules. 
b. removing everything that is not water. 
c. breaking down the water to ïts simplest components. 
d. adding some disinfectant such as chlorine. 


Was thỉs your answer? Water, H,O,ïs a compound made of the elements 
hydrogen and oxygen ïn a 2-to-1 ratio. Every H,O mmolecule is exactly the 
same as every other, and there's no such thỉng as an impure H,O mole- 
cule. Just about anything, including you, beach balls, rubber ducks, dust 
particles, and bacteria, can be found in water.When something other 
than water is found in water, we say that the water is impure. It is impor- 
tant to see that the impurities are ín the water and not part oƒthe water, 
which means that ït is possible to remove them by a variety of physical 
means, such as filtration or distillation. The answer to this Concept Check 
is (b). 


Blood plasma 

(a solution) 
White blood cells 
Red blood cells 


Blood 
(a suspension) 


_ FIGURE 2.23 


- Blood, because it is a suspension, can be centrifuged inro its components, which 
include the blood plasma (a yellowish solution) and white and red blood cells. The 
componenrs of the plasma cannot be separated from one another here because a 


centrifuge has no effect on solutions. 
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® 2.6 Elernents Are Organized in the Periodic Table 
by Theiïr Properties 


s was mentioned ¡n Section 2.2, the periodic table is a listing of all the 

known elements. There ¡s so much more to this table, however. Most 
notably, the elements are organized ¡n the table based on their physical and 
chemical properties. ne of the most apparent examples is how the elements are 
grouped as metals, nonmetals, and metalloids. 

As shown in Figure 2.24, most of the known elements are metals, which are 
defned as those elements that are shiny, opaque, and good conductors of elec- 
tricity and heat. Metals are zz2//zzb/z, which means they can be hammered into 
different shapes or bent without breaking. They are also Ze/Z/z which means 
they can be drawn into wires. All but a few metals are solid at room tempera- 
ture. The exceptions include mercury, Hg; gallium, Ga; cesium, Cs; and fran- 
cium, Er; which are all liquids at a warm room temperature of 30°C (86°F). 
Another interesting exception is hydrogen, H, which takes on the properties ofa 
liquid metal only at very hiph pressures (Figure 2.25). Under normal conditions, 
hydrogen atoms combine to form hydrogen molecules, H„, which behave as a 
nonmetallic gas. The periodic table color-coded to 


show metals, nonmetals, and 
metalloids. 


FIGURE 2.24 


About 50,000 pounds of 

synthetic diamonds 

are produced & Helium is formed 
La underground 


each year. 
¿x14 as a by-product 
l§ _ of radioactive 
Alloys of tỉtanium are $+ ˆ» >4 kì & decay. 
relatively strong and Ả. 
“`3 Nx 
® „ H ẹ 
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#⁄ 


^ 
«*5%, 
lf this silver mug were 
filled with boiling water, 
the handle would quickly 
become too hot to handle 
because silver is one of the 
best conductors of heat. 


resistant to corrosion, 
which makes them useful 
for hip implants. 


SIỂ 


Cylinders of 
99.9999% pure Sâu 


silicon are slicedinto  - 
wafers for the manufacture ` 


of integrated circuits. 


Zinc has a low melting 
point and is commonly 
used in making coins. 


Bromine is a dark 
P orange liquid that 

readily vaporizes at 

room temperature. 


55 56 
BHEITIH 

87 | 88 [ 
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Mercury freezes at 
—40C and is a liquid 
atroom temperature. 
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FIGURE 2.25 


Geoplanetary models suggest that hydrogen exists as a 
liquid metal deep beneath the surfaces of JupIter 
(shown here) and Saturn. These planets are composed 
mostly oFhydrogen. Inside them, the pressure exceeds 
3 million times Earths atmospheric pressure. At this 
tremendously híph pressure, hydrogen is pressed to a 
liquid-metal phase. Back here on Earth at our rela- 
tively low atmospheric pressure, hydrogen exists as a 
nonmetallic gas of hydrogen molecules, Hạ. 


/ Please pu† †o res† any 
fear you may have qbou† 
needing †o memorize The |' 
periodic †able, or even 
par†s of i†-be††er †o 
focus on †he many qreo† [ 
concep†s behind i†s 
Oorqoœnizo†ion. 


FIGURE 2.26 


The 7 periods (horizontal rows) 
and 18 groups (vertical columns) 
of the periodic table. Note that 
not all periods contain the same 
number of elements. Also note 
that, for reasons explained later, 
the sixth and seventh periods 
cach include a subset of elements, 
which are listed apart from the 
main body. 


The nonmetallic elements, with the exception of hydrogen, are on the right 
of the periodic table. Ñonmetals are very poor conductors of electricity and heat 
and may also be transparent. Solid nonmetals are neither malleable nor ductile. 
Rather, they are brittle and shatter when hammered. At 30°C (86°F), some non- 
metals are solid (carbon, C), others are liquid (bromine, Br), and still others are 
gaseous (helium, He). 

Six elements are classiied as metalloids: boron, B; silicon, Sĩ; germanium, 
Ge; arsenic, As; antimony, Sb; and tellurium, Te. Situated between the metals 
and the nonmetals in the periodic table, the metalloids have both metallic and 
nonmetallic characteristics. For example, these elements are weak conductors of 
electricity, which makes them useful as semiconductors in the integrated cirCuits 
of computers. Note from the periodic table how germanium, Ge (number 32), 
1s closer to the metals than to the nonmetals. Because of this positioning, we can 
deduce that germanium has more metallic properties than silicon, Sĩ (number 
14), and ¡s a slightly better conductor of electricity. So we ñnd that integrated 
circuits fabricated with germanium operate faster than those fabricated with siÌ- 
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icon. Because silicon is mụch more abundant and less expensive to obtain, how- 
ever, silicon computer chips remain the industry standard. 


A PERIOD IS A HORIZONTAL ROW, A GROUP A VERTICAL COLUMN 


Two other important ways in which the elements are organized ¡n the perlodic 
table are by horizontal rows and vertical columns. Each hortzontal row ¡s called 
a period, and cach vertical column ¡s called a group (or sometimes a ƒ/22/Ù). As 
shown in Figure 2.26, there are 7 periods and 18 groups. 

Across any period, the properties ofelements gradually change. This gradual 
change is called a periodic trend. As ¡is shown in Figure 2.27, one periodic trend 
1s that atomic size tends to decrease as you move from left to ripht across any 
period. Note that the trend repeats from one horizontal row to the next. This 
phenomenon of repeating trends ¡s called ø£z7øZ7e7£y, a term used to indicate 
that the trends recur ¡n cycles. Each horizontal row ¡s called a øez/øZbecause It 
corresponds to one full cycle ofa trend. As we explore in further detail in Sec- 
tion 5.8, there are many other properties of elements that change gradually in 
moving from left to ripht across the periodic tablc. 


Which are larger: atoms of cesium, Cs (number s5), or atoms of radon, Rn 
(number 86)? 


Was this your answer? Perhaps you tried looking to Figure 2.27 to answer 
this question and quickly became frustrated because the sixth-period ele- 
ments are not shown. Well, relax. Look at the trends and you'TÌ see that,in 
any one period, all atoms to the left are larger than those to the right. 
Accordingly, cesium is positioned at the far left of period 6, and so you can 
reasonably predict that ïts atoms are larger than those of radon, which is 
positioned at the far right of period 6. The periodic table is a road map to 
understanding the elements. 


Down any group (vertical column), the properties of elements tend to be 
remarkably similar, which ¡s why these elements are said to be “erouped” or “¡n 
a family.” As Figure 2.28 shows, several groups have traditional names that 
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FIGURE 2.27 


The size ofatoms gradually 


decreases in moving from left to 
ripht across any period. Atomic 
SIze 1s a periodic (repeating) 


PTOP€TtV. 


BE —— 


+ The carat ïs the common unit 


used to describe the mass ofa 
gem. A1-carat diamond, for 
example, has a mass of O.2O 
gram. The karaf is the common 
unit used to describe the purity 
of a precious metal, such as gold. 
A 24-karat gold ring is as pure as 
can be. A gold ring that is 5O per- 
cent pure is 12 karat. 


_ MORE TO EXPLORE: 


National Institute of Standards 
and Technology 
www.nist.gov/public_affairs/ 
public.htm 
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_FIGURE 2.28 


The common names for various 
groups of elements. 


FIGURE 2.29 


Ashes and water make a sÏippery 


alkaline solution once used to 
clean hands. 
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Transition metals 


describe the propertles of their elements. Early in human history, people discov- 
ered that ashes mixed with water produce a sÏippery solution useful for remov- 
¡ng ørease. By the Middle Ages, such mixtures were described as being 2z/#Z/7⁄, a 
term derived from the Arabic word for ashes, Z/-zz. Alkaline mixtures found 
many uses, particularly in the preparation of soaps (Figure 2.29). Ñe now know 
that alkaline ashes contain compounds ofgroup 1 elements, most notabÌy potas- 
sium carbonate, also known as ø22/zsở. Because of this history, group 1 elements, 
which are metals, are called the alkali metals. 

Elements of group 2 also form alkaline solutions when mixed with water. 
Furthermore, medieval alchemists noted that certain minerals (which we now 
know are made up ofgroup 2 elements) do not melt or change when put in fire. 
These fñre-resistant substances were known to the alchemists as “earth.” Ás a 
holdover from these ancient times, group 2 elements are known as the alkali 
carth metals. 

Over toward the right side of the periodic table elements of group l6 are 
known as the cz/eøøgews (“ore-forming” in Greek) because the top two elements 
of this group, oxygen and sulfur, are so commonly found in ores. Elements of 
group I7 are known as the halogens (“salt-forming” in Greek) because of their 
tendency to form various salts. Group 18 elements are 
all unreactive gases that tend not to combine with other 
elements. For this reason, they are called the noble 
gases, presumably from the fact that the nobility of car- 
lier trmes were above interactine with common foÌk. 

The elements of groups 3 through 12 are all metals 
that do not form alkaline solutions with water. These 
metals tend to be harder than the alkali metals and less 
reactive with water; hence they are used for structural 
purposes. Collectively they are known as the transition 
metals, a name that denotes their central position in 
the periodic table. The transiton metals include some 
of the most familiar and important elements—iron, Fe; 
copper, Cu; nickel, Ni; chromium, Cr; silver, Ag; and 
gold, Au. They also include many lesser-known ele- 
ments that are nonetheless Important In modern tech- 
nology. Dersons with hip implants appreciate the transition metals tiranium (Tì), 
molybdenum (Mo), and manganese (Mn), because these noncorrosive metals 
are used ¡in implant devices. 
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The elements copper (Cu), silver (Ag), and gold (Au) are three of the few met- 
als that can be found naturally in their elemental state. These three metals 
have found great use as currency and jewelry for a number of reasons, 
including theiïr resistance to corrosion and their rermarkable colors. How is 
the fact that these metals have similar properties reflected ïn the periodic ị 
table? 


Was this your answer? Copper (number 29), silver (number 47),and gold 
(number 79) are all in the same group ïn the periodic table (group 11), which 
suggests they should have similar—though not identical—physical and 
chemical properties. 


In the sixth period ¡s a subset of lá metallic elements (numbers 58 to 71) - 
that are quite unlike any of the other transition metals. A similar subset _. 
(numbers 90 to 103) is found ¡ín the seventh period. These two subsets are 
the inner transition metals. [nserting the inner transition metals into the 
main body of the periodic table, as in Figure 2.30, results in a long and cum- 
bersome table. So that the table can ft nicely on a standard paper size, these 
elements are commonly placed below the main body of the table, as shown 
In Figure 2.31. | 

The sixth-period inner transition metals are called the lanthanides because _ 
they fall after lanthanum, La. Because of their similar physical and chemical - 
properties, they tend to occur mixed together ¡n the same locations in the carth. 
Also because of their similarities, lanthanides are unusually dificult to purlfy. . 
Recently, the commercial use of lanthanides has increased. Several lanthanide - 
elements, for example, are used ¡n the fabrication of the light-emitting diodes 
(LEDs) of laptop computer monitors. 


FIGURE 2.30 


Inserting the Inner transion metals between atomic groups 3 and 4 results in a 
perlodic table that is not easy to ft on a standard sheet of paper. 
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= The air inside a traditional light 
bulb is a mixture of nitrogen and 
argon. As the tungsten filament is 
heated, minute particles of tung- 
sten evaporate—much like steam 
leaving boiling water. Over time, 
these particles are deposited on 
the inner surface of the buÏb 
causing the bulb to blacken. Los- 
ïng †ts tungsten, the filament 
eventual breaks and the bu]b has 
“burned out.” A remedy is to 
replace the aïr inside the bulb 
with a halogen gas, such as iodine 
or bromine. In such a halogen 
bulb,the evaporated tungsten 
combines with the halogen 
rather than depositing on the 
buÏlb,which remains clear. Fur- 
thermore, the halogen-tungsten 
combination becomes unstable 
and splits apart when ït touches 
the hot filament. The halogen 
returns as a gas while the tung- 
sten is deposited onto the fila- 
mnent, thereby restoring the 
filament. This is why halogen 
lamps have such long lifetimes. 


_ MORE TO EXPLORE: 


General Electric 
www.dgelighting.com/na 
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The typical display of the inner 
transitlon metals. The count of 
elements in the sixth period øoes 
from lanthanum (La, 57) to 
cerium (Ce, 58) on through to 
lutetium (Lu, 71) and then back 
to hafnium (HE, 72). A similar 
jump is made ¡in the seventh 


period. 


tì 


= The Hanford nuclear facility in 
central Washington state, from 
1943 to 1986, produced 72 tons of 
plutonium, nearly two-thirds the 
nation's supply. Creating this 
much plutonium generated an 
estimated 4so billion gallons of 
radioactive and hazardous liq- 
uids, which were discharged into 
the local environmernt. Today, 
some s3 million gallons of high- 
level radioactive and chemical 
wasfes are stored in 177 under- 
ground tanks, many of them leak- 
ïng into the groundwater. 

MORE TO EXPLORE: 

U.S. Department of Energy 
WWww.hanford.gov 
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The seventh-period inner transiton metals are called the actinides becausc 
they fall after actinium, Ác. They, too, all have similar properties and hence are 
not easily puriRed. The nuclear power industry faces this obstacle because it 
requires purified samples of two of the most publicized actinides: uranium, U, 
and plutonium, Pu. Actinides heavier than uranium are not found in nature but 
are synthesized ¡n the laboratory. 


® In Perspective 


n this chapter we explored many of the rudiments of chemistry, including 
how matter ¡is described by ¡ts physical and chemical properties and 
denoted by elemental and chemical formulas. Ñc saw how compoundls are di£- 
ferent from the elements from which they are formed and how mixtures can be 
separated by taking advantage of differences in the physical properties of the 
components. AÏso addressed was what a chemist means by ø⁄zand how matter 
can be classiied as element, compound, or mixture. Lastly, we saw how ele- 
ments are organized in the periodic table by their physical and chemical proper- 
ties. Along the way, you were introduced to some of the most important key 
terms of chemistry. With an understanding of these fundamental concepts and 
of the language used to describe them, you are well equipped to continue your 
study o£ natureS submicroscopic realm. 


KEY TERMS 


Physical property Any physical attribute of a 


substance, such as color, density, or hardness. 


Physical change A changc in which a substancc 
changes its physical properties without changing its 
chemical identity. 


Chemical property A type of property that 
characterizes the ability ofa substance to chang into a 
different substancc. 


Chemical change During this kind of change, atoms 
in a substance are rearranged to give a new substance 
having a new chemical identity. 


Chemical reaction Synonymous with chemical changc. 


Element A fundamental material consisting of only 
one type ofatom. 


Periodic table A chart in which all known elements 
are organizcd by physical and chemical properties. 


Atomic symbol_ An abbreviation for an element or atom. 


Elemental formula A notation that uses the atomic 
symbol and (sometimes) a numerical subscript to 
denote how atoms are bonded in an element. 


Compound A material in which atoms of different 
elements are bonded to one another. 


Chemical formula A notation used to indicate the 
composition oŸa compound, consisting of the atomic 
symbols for the different elements of the compound 
and numerical subscripts indicating the ratio in which 
the atoms combine. 


Mixture A combination of two or more substances in 
which cach substance retains Its properties. 


Pure The state ofa material that consists oFa single 
element or compound. 


Impure The state ofa material that is a mixture of 
more than one element or compound. 


.€HAPTER HIGHLIGHTS 


MATTER HAS PHYSICAL AND CHEMICAL 
PROPERTIES 


1. What ¡sa physical property? 
2. What is a chemical property? 
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Heterogeneous mixture A mixture in which the various 
components can be observed as individual substances. 


Homogencous mixture À mixture in which the 
components are so finely mixed that the composition is 
the same throughout. 


Soluton A homogeneous mixture in which all 
components are dissolved ¡n the same phasc. 


Suspension A homogeneous mixture in which the 
various components are ñnely mixed, but not dissolved. 


Metal An element that ¡s shiny, opaque, and able to 
conduct electricity and heat. 


Nonmetals An element located toward the upper ripht 
of the periodic table that is neither a metal nor a 
metalloid. 


Metalloid An element that exhibits some properties of 
metals and some properties of nonmetals. 


Period A horizontal row in the periodic table. 


Group A vertical column ¡n the periodic table; also 
known as a family ofelements. 


Periodic trend The gradual change ofany property In 
the elements across a period. 


Alkali metals Any group I clement. 

Alkali earth metals Any group 2 element. 

Halogens Any “salt-forming” element. 

Noble gases Any unreactive clement. 

Transition metals Any element oferoups 3 throuph 12. 


Inner transidon metals Any element in the two 
subgroups of the transition metals. 


Lanthanides Any sixth-pcriod inner transition metal. 


Actinides Any seventh-period inner transition metal. 


3. What doesnt change during a physical change? 
4. What changes during a chemical reaction? 


5. What are some of the clues that help us determine 
whether an observed change is physical or chemical? 
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ATOMS ARE THE FUNDAMENTAL COMPONENTS 
OF ELEMENTS 


6. How many types ofatoms can you expect to ñind in a 
pure sample ofany element? 


7. Disuinguish between an atom and an element. 


8. How many atoms are in a sulfur molecule that has 
the elemenrtal formula S;? 


ELEMENTS CAN COMBINE TO FORM 
COMPOUNDS 


9, Nhat ¡s the difference between an elemenrt and a 
compound? 


10. How many atoms are there in one molecule of 
H;PO¿„? How many atoms of each element are there in 
one molecule of H;PO„? 


11. Are the physical and chemical properties ofa com- 
pound necessarily similar to those of the elements from 
which it is composcd? 


12. What ¡s the IUPAC systematic name for the com- 
pound KE? 


13. What ¡s the chemical formula for the compound 
tianium dioxide? 


14. Why are common names often used for chemical 
compound$s instead of systematic names? 


MOST MATERIALS ARE MIXTURES 
15. What deñnes a material as being a mixture? 


16. What does tap water contain that distilled water 
doesnt? 


17. How can the components ofa mixture be separatcd 
from one another? 


18. How does distillation separate the components ofa 
mixture? 

CHEMISTS CLASSIFY MATTER AS PURE 

OR IMPURE 


19. Why ¡s it not practical to have a macroscopic sam- 
ple that ¡s 100 percent pure? 


20. Classify the following as (a) homogeneous mix- 
ture, (b) heteropeneous mixture, (c) element, or 
(d) compound: milk ,„ sodium 


21. Name an example ofa solid solution. 


22. How is a solution different from a suspension? 


ELEMENTS ARE ORGANIZED IN THE PERIODIC 
TABLE BY THEIR PROPERTIES 


23. Are most elements metallic or nonmetallic? 


24. How do the physical properties of nonmetals differ 
from the physical properties of metals? 


25. Where are metalloids located in the periodic table? 


26. How many periods are there in the periodic table? 
How many øroups? 


27. Why are group 1 elements called alkali metals? 
28. Why are group 17 elemenrs called halogens? 


29. Which group ofelements are alÏ gases at room tem- 
p€rature? 


30. Why are the inner transition metals not Ìisted in 
the main body of the periodic table? 


| CONCEPT BUILDING @sroinNren BH iNrERMrDIATE  rxprkr 


31.® While visiting a foreign country, you try to get 
verbal directions to a local museum from a Íoreign- 
speaking citizen. After multiple attempts you are 
unsuccessful. An onlooker sees your frustration and 
concludes that you are not smart enouph to understand 
simple directions. Another onlooker sympathizes with 
you because he knows how difficult it is to navigate 
through an unfamiliar city. Ñ/hích onlooker is correct? 


32. ® Ifsomeone is able to explain a new idea to you 
using large, unfamiliar words, what does this say about 
how smart you are? 


33. ® Ifsomeone is able to explain an idea to you 
using small, familiar words, what does this say about 
how well that person understands the idea? 


34. ® Person A ¡s able to explain an idea to a group of 
college students. Person B ¡s able to explain the same 
idea, to the same depth, to a group of elementary 
school students. ho has demonstrated a greater com- 
mand of the idea? 


35. ® Nhat is the best way to really prove to yoursclf 
that you understand an idea? 


36. ® A cotton ball ¡s dipped in alcohol and wiped 
across a tabletop. Explain what happens to the alcohol 
molecules deposited on the tabletop? Is this a physical 
or chemical change? 


37. A skillet is lined with a thin layer of cooking oil 
followed by a layer ofunpopped popcorn kernels. 


Upon heating, the kernels alÏ pop thereby escaping the 
skillet. Idenufy any physical or chemical changes. 


38. ® A cotton ball dipped ¡in alcohol is wiped across a 
tabletop. Would the resultine smelÏ of the alcohol be 
more or Íess noticeable ¡f the tabletop were much 
warmer? Explain. 


39. #f Use exercise 37 as an analogy to describe what 
Occurs in exercise 38. [Does it make sense to think that 
the alcohol is made of very tiny particles (molecules) 
rather than being an inRnitely continuous material? 


40. ® Alcohol wiped across a tabletop rapidÏy disappears. 
WWhat happens to the tempcrature of the tabletop? Why? 


41. ® Try to explain how alcohol evaporates from the 
surface ofa tabletop, assuming that matter is continuous 
and NƠI made of tiny atoms and molecules. 


42. ® Red-colored Kool-Aid crystals are added to a still 
glass ofwater. The crystals sink to the bottom. TWwenty- 
four hours later, the entire solution ¡s red even though 
no one stirred the water. Explain. 


43. ® Red-colored Kool-Aid crystals are added to a still 
glass of hot water. The same amount of crystals is added 
to a second stilÍ glass ñlled with the same amount of 
cold water. With no stirring, which would you expect 
to become uniform ¡in color ñrst: the hot water or the 


cold water? Why? 


44. 8 “The same amount ofred-colored Kool-Aid crystals 
is added to a suill glass of tap water and a stilÍ pass of dis- 
tiled water. Both are the same temperature. ÌNeither are 
surred. Which should become uniform ¡n color frst? 


45. # The same amount of red-colored Kool-Aid crys- 
tals is added to a still glass of thick sugar water and a 
sull glass of distilled water. Both are the same tempera- 
ture. Neither are stirred. Ñ/h¡ích should become uni- 
form in color first? 


46. ® With no one looking, you add 5 mL ofa cinna- 
mon solution to a blue balloon, which you te shut. You 
also add 5 mLL of fresh water to a red balloon, which 
you also tie shut. You heat the two balloons in a 
microwave until they each inflate to about the size ofa 
grapefruit. Your brother then comes along, examines 
the inated balloons, and tells you that the blue balloon 
1s the one containing the cinnamon. How did he know? 


47. L You combine 50 mL of small BBs with 50 mL of 
large BBsand geta total of90 mL of£BBs of mixed size. 
Explain. 


48. EÍ You combine 50 mL of water and 50 mL of 
purthcd alcohol and get a total of98 mL, oÊ mixture. 
Explain. 


49. 8L In the winter Vermonters make a tasty treat 
called “sugar on snow” in which they pour boiled-down 
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maple syrup onto a scoop of clean fresh snow. As the 
syrup hits the snow it forms a delicious taffy. ldentify 
the physical changes Involved in the making of sugar on 
snow. lIdentify any chemical changes. 


50. #' Oxygen, O;, has a boiling point o£90 K 
(—183°€), and nitrogen, N;, has a boiling point of 
77K C196°C). Which ¡s a liquid and which is a gas at 
80 K (_193°€)? 


51. ® What happens to the propertles ofelements 
across any period of the periodic table? 


52. ® Why is it sometimes difficult to decide whether 
an observed change Is physical or chemical? 


53. ® Each night you measure your height just before 
going to bed. When you arise each morning, you meas- 
ure your height again and consistently fñnd that you are 
1 inch taller than you were the night before but only as 
talÏ as you were 24 hours ago! Is what happens to your 
body ¡n this instance best described as a physical change 
or a chemical change? Be sure to try this activity you 
haventt alreadky. 


54. & Classify the following changes as physical or 
chemical. Even If you are Incorrect in your assessment, 
you should be able to defend why you chose as you did. 


a. ØTAp€ Juice turns to Wine 

b. wood burns to ashes 

c. water begins to boil 

d. a broken leg mend:s itself 
€. ØT4SS ØTOWS 

Ê an infant gains 10 pounds 
g. a rock is crushed to powder 


55. # Is the following transformation representative oŸ 
a physical change or a chemical change? 


+ 'ớ 
šồ 


ˆ 


56. ® Each sphere in the diaprams below represents an 
atom. Joined spheres represent molecules. Ñ/hích box 
conrains a liquid phase? hy can you not assume that 
box B represents a lower temperature? 
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57. # Based on the Informatlon given ¡n the following 
diagrams, which substance has the lower boiling point, 


®ê o: @@ : 


58. @ What physical and chemical changes occur when 
a wax candle burns? 


59, @ NVh¡ch elements are some of the oldest known? 
Nhat is your evidence? 


60. ® Oxygen atoms are used to make water mole- 
cules. Does this mean that oxygen, ©;, and water, 
H;O, have similar properties? Why do we drown when 
we breathe in water despite all the oxygen atoms pres- 
ent in this material? 


61. 8 Oxygen, O;, is certainly good for you. Does ït 
follow that 1f small amounts of oxygen are øgood for you 
then large amounts ofoxygen would be especially good 
for you? 


62. #8 Some bottled water is now advertised as contain- 
¡ng extra quantities of Vitamin ©,” which ¡s a market- 
¡ng gimmick for selling oxygen, ©;. Might this bottled 
water actually contain extra quantities of oxygen, ©,? 
How much more than one might fnd in regular bot- 
ted water? How might the amount ofoxygen we 
absorb throuph our lungs compare to that which we 
might absorb through our stomach? 


63. # A sample of water that ¡s 99.9999 percent pure 
contains 0.0001 percent impurities. Consider from 
Chapter l that a glass of water contains on the order ofFa 
trillion trillion (1 x 10?) molecules. If0.0001 p€rcent 
of these molecules were the molecules of some impurity, 
about how many impurity molecules would this be? 


a. 1000 (one thousand: 1 x 10) 

b. 1,000,000 (one million: 1 x 105) 

c. 1,000,000,000 (one billion: 1 x 10) 

d. 1,000,000,000,000,000,000 (one million trillion: 
1 x10!) (One million trillion is the same as one 
quintillion.) 


64. ® Nhat do tap water and distilled water contain 
besides water? 


65. # How does your answer for exercise 63 make you 
feel about drinking water that ¡is 99.9999 bercent free 
of some poison, such as a pesticide? (See Appendix A 
for a discussion of scientific notation.) 


66. 8 Explain what chicken noodle soup and garden 
soil have In common without using the phrase 
Öef€V00071/0143 1/XÍWT€. 


67. $ Read carefully. Twice as much as one million tril- 
lion ¡s two million trilion. One thousand times as much 
1s 1000 million trillion. One million tìmes as mụch 1s 
1,000,000 million trillion, which ¡s the same as one tril- 
lion trillion. Thus, one trillion trillion 1s one million 
times preater than a million trillion. Got that? So how 
many more water molecules than Impurity molecules 
are there in a glass of water that is 99.9999 percent pure? 


68. 8 Someone argues that he or she doesnt drink tap 
water because it contains thousands of molecules of 
some impurity ¡n each glass. How would you respond 
in defense of the waterS purity, IŸ¡t indeed does contain 
thousands of molecules of some impurity per gÌass? 


69. # C]lassify the following as element, compound, or 
mixture, and justify your classificatlons: salt, stainless 
steel, tap water, sugar, vanilla extract, butter, maple syrup, 
aluminum, ice, milk, cherry-favored cough drops. 


70. # Tfyou cat metallic sodium or inhale chÏorine gas, 
you stand a strong chance of dying. Let these two ele- 
ments react with each other, however, and you can 
safely sprinkle the compound on your popcorn for bet- 
ter taste. W/hat is going on? 


71. § Which of the following boxes contains an element? 
A compound? A mixture? How many different types of 
molecules are shown altogether in all three boxes? 


72. ® Common names of chemical compounds are 
generally much shorter than the corresponding system- 
atlc names. The systematic names for water, ammonia, 
and methane, for example, are dihydrogen monoxide, 
HO; trihydrogen nitride, NH;; and tetrahydrogen 
carbide, CH¿. For these compounds, which would you 
rather use: common names or systematic names? 
Which do you ñnd more descriptive? 


73. 8 WWhat is the difference between a compound and 
a mixture? 


74. 8 How mipht you separate a mixture of sand and 
salt? How about a mixture ofiron and sand? 


75. ® Mixtures can be separated into their components 
by taking advantage of differences in the chemical proper- 
ties of the components. Ñ/hy mipht this separatlon 
method be less convenient than taking advantage of dif- 
ferences in the physical properties of the components? 


76. #4 Why cant the elements ofa compound be sepa- 
rated from one another by physical means? 


77. ® How can a solutlon be disunguished from a 
suspension? 


78. 6 Classify the following as (a) homogeneous mix- 
ture, (b) heterogeneous mixture, (c) element, or (d) 
compound: 


table salt__ blood 
steel . planet Earth _ 
— L4 è Ta. 
® d9 "”Đ 
b2 « © $ 
& b L- Š « e 
A B 1@ 


79. ®$ Which of the boxes above best represents a 


Suspension? 


80.  WWhich of the boxes above best represents a 
solution? 


8I. @ Which of the boxes above best represents a 
compound? 


82. @ \Why ¡is ¡t difficult to purify an Inner-transition 
metal? 


83. 4 Germanium, Ge (number 32), computer chips 
operate faster than silicon, Sĩ (number 14), computer 
chips. So how might a gallium, Ga (number 31), chíp 
compare with a germanium chip? 


84. # Is the air in your house a homogeneous or het- 
erogeneous mixture? hat evidence have you seen? 


85. @ Helium, He, ¡sa nonmetallic gas and the second 
element in the periodic table. Rather than being placed 
adjacent to hydrogen, H, however, helium ¡s placed on 


the far ripht of the table. Why? 


86. #4 Name ten elements you have access to macro- 
scopic samples ofas a consumer here on Earth. 


87. § Strontium, Sr (number 38), is especially dan- 
øerous to humans because it tends to accumulate in 
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101. ® “The Colorado River in Colorado has a salinity 
of about 50 ppm. By the time this water passes Into 
Mexico, its salinity has increased to about 1000 ppm. 
About how many milligrams of salts have been added 
to each liter of water over the course of the waterS JOur- 
ney from Colorado to Mexico? 
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calcium-dependent bone marrow tissues (calcium, 
Ca, number 20). How does this fact relate to what 
you know about the organization o£ the periodic 
table? 


88. @ With the pertodic table as your guide, describe 
the element selenium, Se (number 34), using as many 
of this chapterS key terms as you can. 


89. @ WNhy isnt dirt listed in the periodic table? 
90. @ Why is water not classiied as an element? 
91. ® Why not memorize the periodic table? 


92. How do you know whether a material is an ele- 
ment or not just by looking at it? 


93. $ WWhy ¡s halffrozen fruit punch always sweeter 
than the same fruit punch completely melted? 


94. Many dry cereals are fortiied with iron, which 
¡s added to the cereal in the form of smalÏ iron parti- 
cles. How mipht these particles be separated from the 
cereal? 


95. Is aging primarily an example ofa physicaÌl or 
chemical change? 


96. 4 How practical ïs ¡t to change how long people 
live while NT maintaining their youthful vigor? 


For exercises 97—100, rếf£r to tbe Špotliehf ess4ÿ aÐDÐ€aring 
Aƒler thĩš chat: 


97.  Make an argumenr for why drugs that helped to 


extend the human life span would be very expensivc. 


98.  Make an areument for why drugs that helped to 
extend the human life span would be reasonably cheap. 


99.@ Which problem is best addressed by scientists 
and which ¡s best addressed by politicians? How to 
increase the human life span; How to get food and 
medicine to the needy. 


100. ® A daily dose o£F83 mg ofaspirin has been 
shown to sipnificantly decrease the risk of heart disease 
In people over 40 years old, yet most people over 40 
dont follow this regimen. W hy? 
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102. 8 Rainwater is naturally acidic, containing about 
48 micrograms of acidity per liter. Express this concen- 
tration in units oFppm, ppb, and ppt. 


103. #L Dioxins are highly toxic compounds that form 
upon the burning of certain plastics, especially PVC. 
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Dioxins bioaccumulate, which means that animals higher 
in the food cha¡n rend to have øreater concentrations. 
Most ofour exposure to dioxins comes from the Íood we 
eat. How many milligrams of dioxins are there in a liter oŸ 
milk containing a dioxin concentraton o£0.16 ppt? 


104. ® Drinking water is routinely disinfected by 
adding chÏlorine to a concentration ofabout 2 ppm. 
How many milligrams is this per Ìiter of water? 


.ANSWERS TO 
'CALCULATION CORNER 
| 


HOW PURE IS PURE? 
1. One liter of 1.0 ppm fuoridated drinking water 
contains 1.0 mg of fuoride. A quarter of this amount 
1s 0.25 mg, which is 250 micrograms. 


(0.25 mg) 


⁄v| 1000 micrograms 
I mg 


| = 250 micrograms 


2. A dissolved oxygen concentration of6 ppm corre- 


sponds to 6 mg/L. With I liter, you have 6 mg: 


ai = 6mg 


se a conversion unit to express 6 mg as 0.006 gram: 


3. A concentration of25 ppb is 25 micrograms per Ïiter. 
Convert from micrograms into milligrams as follows: 


.... c5. 
ke 1000 microgfams 


Thus, there are 0.025 milligrams of chloroform in 
each liter of this water. 


4. Assuming you live in the Ủnited States, which has 
a population ofabout 300 million, then your concen- 
tratlon is about 1/0.3 billion = 3 ppb. The concentra- 
tion o£you in the whole world ¡s about 1/6.2 billion = 
0.16 ppb, which ¡s about 160 ppt. lÝyou can imagine 
how few of you there are compared to national or 
world populations, then you have a sense of how 
dilute a dissolved substance is when its concentration 


1s measured by ppb or ppt. 


] = 0.025 milligram 


105. 8 Does the concentraton o£chlorine in drinking 
water tend to increase or decrease as Ir leaves the water 
treatment plant and disperses into the community? 


hy? 


HANDS-ON CHEMISTRY INSIGHTS 


FIRE WATER 


As you can see in Figure 2.4, the two primary products 
when natural gas burns are carbon dioxide and water. 
Because of the heat generated by the burning, the water 
1s released as water vapor. When ït comes into contact 
with the relatively cool sides of the pot, this water vapor 
condenses to the liquid phase and is seen as “sweat.” ]f 
the pot contained ice water, more vapor would con- 
dense, enough to form drops that roll off the bottom 
edge. As the pot gets warmer, this liquid water ¡s heated 
and returns to the øaseous phase. 

The only chemical change ïs the conversion of natu- 
ral gas to carbon dioxide and water vapor. There are 
two physical changes——condensation of the water vapor 
created in the methane combustion and evaporation of 
this water once the pot gets sufficiently hot. (Of course, 
the evaporation o£ the water In the pot 1s another physi- 
cal change.) 


OXYGEN BUBBLE BURSTS 


Hydrogen peroxide, H;O¿, is a relatively unstable com- 
pound. In solution with water, ¡t slowly decomposes, 
producing oxygen gas. In describine oxyeenrs physical 
Properties, you should have noted that ït is an Invisible 
gas having no odor detectable over that of the yeast. 
Oxygen ¡is light enouph to rise out of the øÌass once it is 
released from the bubbles. hat is your evidence of 
this? A chemical property of oxygen ïs that ¡t IntensiÍles 
burning. 


BOTTOMS UP AND BUBBLES OUT 


It would be humorous to scrape the residue from your 
boiled-down drinking water Into sealable containers 
labeled as drinking water from your particular region, 
such as “Rocky Mountain Drinking ÑWater.” Think of 
the potential market. You could ship these containers 
to customers around the world, and because the con- 


tainers are not weiphted down with water, shipping 
costs would be very low. OỂcourse, cach bottle would 
have to come with the instruction “Just add distilled 
water.” Would you or would you not want to push ït 
by adding the word zze to your label? With your 
classmates, discuss the science and ethics of such a 
VenTUFe. 

As we explore in Chapter 7, gases do not dissolve well 
in hot liquids. Air that ¡s dissolved in room-temperature 
water, for example, will bubble out when the water is 
heated. Thus you can speed up step 3 by using warm 
WALCF. 

Eor further experimentation, perform step 3 In two 
pots side by side. In one pot, use warm water from the 
kitchen faucet. In the second pot, use boiled water that 
has cooled down to the same temperature. You ÌÍ ñnd 
that boiling đ2ez⁄ứes the water, that is, removes the 
atmospheric gases. Chemists sometimes need to use 
deaerated water, which ¡s made by allowing boiled 
water to cool in a sealed container. hy dont fsh live 
very long ¡in deaerated water? 
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iving isn't easy, especially at the 
level of the molecules that make 
us. Our celÌs and the rnolecules 
they contaïn are constantly exposed 
†o a hostile environmernt of viruses, 
bacteria, free radicals, radiation, and 
random chemiical reactions. We live 
because our bodies are able to repair 
themselves from perpetual molecu- 
lar damage. Over time, however, our 
bodies ]ose the ability to self-heal.We 
age.We grow fraï] and eventually die. 
Since the introduction of modern 
medicine and better health habits, 
the average life expectancy of 
humans has increased dramati- 
cally—in the United States from 
about 48 years ïn 19oo to about 78 
years ïn 2ooo. The maximum attain- 
able human Tife span of about 12o 
years, however, appears to have 
remained fairÌy constant. Is there 
truly a limit to how long we can live? 
|s ït possible to change how long we 
live while still maintaining a youthful 
vigor and resilience? After all, the 
quality of life matters just as much, if 
not more, as the quantity of life. 
Scientists have long known that a 
healthier and longer life can be 
attained by reducing the intake of 
calories by at least one-third of a nor- 
mail healthy diet while maintaining 
necessary nutrients.Worms fed such 
a calorie-restricted diet live up to 5 
months longer, which for them isa 
life span increase of about 6o per- 
cent. Mice live about 14 mmonths 
longer (so percent increase) and dogs 
also about 14.rnonths longer (1o per- 
cent increase). Would calorie restric- 
tion also help humans extend their 
mmaximum life span? The answer ïs 
likely yes, but by how much ïs ques- 
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tionable. Some scientists are opti- 
mistic that it could add 1o to 15 years. 
Others are more cautious in thinking 
maybe 2 to 3 years ỉs nore reason- 
able. Either way, there are potential 
benefits to be had and every gaïn 
counts. 

Scientists are working to unravel 
the molecular mysteries of why calo- 
Tie restriction works. Thỉïs,ïn turn, 
should help them to điscover com- 
pounds that mimic the effects of 
calorie restriction. InterestinglÌy,one 
class of cormmpounds that mimics the 
effects are polyphenols, which are 
abundant in highly pigmented foods, 
such as pomegranates, or beverages, 
such as red wine. 

Gerontologists who study the 
agïng process have come to recog- 
nize at least six categories of dam- 


age sustained by our cells and bio- 
molecules (see Table 1). These would 
be the underlying causes of our 
becoming frail and more susceptible 
†o death as we grow older. Prevent or 
reverse these damages and the 
result would be a rejuvenated body, 
which,in turn, would have a greater 
chance of experiencing an extended 
life span. The important thỉng to 
note here ïs that we re not talking 
about keeping old people alive ïn 
theïr frailty. Instead, we re talking 
about strategies that would permit 
people to both look and feel better 
despite having lived for so many 
years. Hurmnans would remaïn pro- 
ductive and active for rnuch longer 
periods of time. 

Do you suppose sclentists are 
interested in finding remedies to the 


TABLE 1 


Problem 


„_Cells die and are not replaced. 


*® DNA within the cell nucleus is 
altered, gïving rise to canicer. 


»® _DNA within cellular 
mitochondria ¡is altered, 
resulting ïn cell death. 

* _Unwanted cells, such as fat 
cells,accumulate. 


Collagen loses elasticity 
because of cross-linking. 


°_ Accumulation ofunwanted 
junk such as atherosclerotic 
and amyloid plaques. 


SIX CATEGORIES OF CELLULAR DAMAGE 


Current and Potential Rernedies” 


Improved health habits; growth factors; gene 
dopïng, stem celÌs;apoptosis active dephos- 
phorylation inhibitors (salubrinal) 


lmproved health habits; chemotherapy; 
radiation therapy; surgery; telornere restora- 
tion therapy; gene therapy; nanosheTls 


Gene therapy to produce mĩtochondrial 
proteins from nuclear DNA 


lmproved health habits; calorie-restriction 
điet; surgery; target cell surface differences 


Sun screen; advanced glycosylation 
endproduct breaker drugs, such as ALT-71, to 
break crosslinks or inhibït their formation. 


Beta sheet breaker peptides; inhibition of 
ABAD beta amyloid complex; genetically 
mmodified white blood cells; lysosorne replace- 
men therapy 


*Boldface: Use as keyword phrase wïthin your Internet search engine. 


problems listed in the table? How 
interested? How about the busi- 
nesses or organizations that sponsor 
the scientists? Do you suppose more 
or less mnoney wïiÏll be channeled into 
these efforts as more prornising dis- 
coveries are rmnade? Will there be a 
sufficient demand for resulting prod- 
ucts that provide for a longer and 
healthier life? Wïth wrinkle-free skin? 
Might the demand be greater than 
anything ever known to humankind? 
Might we have more or fewer remne- 
đies available to us by the time you 
are 4o years older? Might these 
rermnedies allow you to live another 4o 
years? Might there be even more 
rermnedies available after your extra 
4O years of healthy living? What †f 
medical science advances faster than 


you age? Do you understand that we 
don't presently need to know how to 
help you reach your 1oooth birthday 
in order for you to reach your 1oooth 
birthday, or beyond? 


How are people like cars? 


Was this your answer? Leonard 
Hayflick ofthe University of Cali- 
fornia at San Francisco, says peo- 
ple are like cars because they age 
reliably “even though there's noth- 
ïng in the blueprints that shows a 
process for doïng ït.” In other 
Words, there is no “death gene,”no 
mmechanism that kills us off after a 


certain time limit; aging is a con- 
sequence of living in a corrosive 
environmertt. lf however, you want 
†o keep a car “like new,” what do 
you do? Waït until ït completely 
falls apart? Or repaïr as necessary 
despite the expense of new body 
parts or skilled labor? Both people 
and cars need daïly maintenance 
ïf their life expectancies are to be 
maximized. lfa car can be nur- 
tured to live for many centuries, 
can people too? Do we have the 
Tesources? 


IN THE SPOTLIGHT 
DISCUSSION QUESTIONS 


1. There are rnillions of people who 
don't exercise or eat right even 
though they know such habits wilÌ 
likely extend how long they live ïn 
good health. Why? 


2. In the past 2o years, the average life 
expectancy within most nations has 
risen by a couple of years, but so has 
the “healthy life expectancy,” which 
is a measure of how long people 
Temain in good health. Are the two 
necessarily related? How so? 


3. What effects might a cure for 
agïng have on the problem of over- 
population? 


4. How would society be able to sup- 
port so many people living welÏinto 
their 1oos? 


5s. The Department of Defense today 
owes †ts soldiers $653 billion in 
future retirernent benefits.What 
might happen to this cost if the sol- 
điers actually lived some 4o years 
longer than expected? How about 
1OO y@ars? 5OO years? At what point 
should the Department of Defense 
no longer “owe” these benefits to 
the soldiers? What trends do you 
foresee in company retirernent 
plans? Might there be a greater 
ermmphasis on “privatized retirermment 
accounts”? Why? 
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3.1 Chemistry Developed Out of 
Our Interest in Materials 


3.2 Lavoisier Laid the Foundation 
of Modern Chemistry 


3.3 Dalton Deduced That Matter 
ls Made of Atoms 


3.4 The Electron Was the First 
Subatomic Particle 
Discovered 


3-5 The Mass of an Atom Is 
Concentrated in Its Nucleus 


3.6 The Atomic Nucleus IsMade 
of Protons and Neutrons 


WHERE WEˆVE BEEN AND 
WHAT WE NOW KNOW 
Ì 


The origin of most atoms goes back to the birth ofthe universe. 
Hydrogen, H, the lightest atom,was probably the original atom, 
and hydrogen atoms make up more than go percent of the 
atoms in the known universe. Heavier atoms are produced in 
stars, which are massive collections of hydrogen atoms pulled 
†ogether by gravitational forces. [he great pressures đeep in a 
starS interior cause hydrogen atoms to fuse to heavier atoms. 
Wïth the exception of hydrogen, therefore, all the atoms that 
occur naturally on Earth-—including those in your body——are 
the products of stars. A tiny fraction of these atoms came from 
our own star, the sun, but most are from stars that ran their 
course long before our solar systern came into being. You are 
made of stardust, as is everything that surrounds you. 

So rnost atoms are ancient. They have existed through 
imponderable ages, recycling through the universe ïn innu- 
merable forms, both nonliving and living. In this sense, you 
dont”own” the atoms that make up your body—you are sỉm- 
ply their present caretaker. There will be rmmany caretakers to 
follow. 

Atoms are so small that there are more than 1o billion tril- 
lion ofthem ïn each breath you exhale. This is more than the 
number of breaths in Earth's atmosphere.Within a few years, 
the atoms of your breath are uniformly mixed throughout 
the atmosphere. What this means is that anyone anywhere 
on Earth inhaling a breath of air takes ïn numerous atoms 
that were once part of you. And, of course, the reverse ïs true: 
you inhale atoms that were once part of everyone who has 
ever lived.We are literally breathing one another. 

In this chapter, we trace the history of the discovery of the 
atom,which is perhaps the mostimportant discovery humans 


have ever made. We also look at how researchers discovered 
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FIGURE 3.1 


Aristotle thought that alÌ materials 
were made of various proportions 
of four fundamenral qualities: 
hot, dry, cold, and moist. Various 
combinations of these qualities 
gave rise to the four basic ele- 
ments: hot and dry gave re, 
moist and cold gave water, hot 
and moist gave air, and dry and 
cold gave earth. A hard substance 
like rock contained mostly the dry 
quality, for example, and a soft 
substance like clay contained 
mosdy the moist quality. 


FIGURE 3.2 


In his adomic model, Democritus 
imagined that atoms of iron were 
shaped like coils, making iron 
rieid, strong, and malleable, and 
that atoms of fire were sharp, 
lightweight, and yellow. 


DISCOVERING THE ATOM AND SUBATOMIC PARTICLES 


that atoms are made of even smaller unïts of matter,known as subatomic 
particles. Along the way, you will see how progress in science depends 
not only on keen observations and interpretations but also on an open- 


mindedness so frequerntly found ïn each new generation ofinvestigators. 


%® 31 Chemistry Developed Out of Our Interest 


in Materials 


e humans have long tinkered with the materials around us and used 
them to our advantage. Once we learned how to control fire, we were 

able to create many new substances. Moldable wet clay, for example, was found 
to harden to ceramic when heated by fre. By 5000 5.C., pottery fire pits gave 
way to furnaces hot enough to convert copper ores to metallic copper. By 1200 
B.C., even hotter furnaces were converting iron ores to iron. This technology 
allowed for the mass production of metal tools and weapons and made possible 
the many achievements ofancient Chinese, Egyptian, and Greek civilizations. 

In the fourth century B.C., the infuential Greek philosopher Aristotle 
(384-322 .C.) described the composition and behavior of matter in terms of the 
four qualities shown in Figure 3.1: hot, cold, moist, and dry. Although we know 
today that Aristotles model is wrong, it was nonetheless a remarkable achievement 
for its day, and people using it in Aristotles time found it made sense. hen pot- 
tery was made, for example, wet clay was converted to ceramic because the heat of 
the re drove out the moist quality of the wet clay and replaced ¡t with the dry 
quality of the ceramic. Likewise, warm air caused ice to melt by replacing the dry 
quality characteristic of ice with the moist quality characteristiC Of water. 

Aristotles views on the nature of matter made so much sense to people that 
less obvious views were dificult to accept. One aÌternative view was the forerun- 
ner of our present-day model: matter is composed ofa ñnite number ofincred- 
ibly small but discrete units we call atoms. This model was advanced by several 
Greek philosophers, including Democritus (460-370 B.C.), who coined the 
term Z/ø7 from the Greek phrase ø /øzøs, which means “not cut” or “that which 
is indivisible.” According to the atomic model ofFIÖemocritus, the texture, mass, 
and color ofa material were a function of the texture, mass, and color of its 
atoms, as ilÏustrated in Figure 3.2. So compelling was Aristotles reputation, 
however, that the atomic model would not reappear for 2000 years. 


: Fire “A†oms" of fire 
⁄ si »: 
» . 
cc: re. 


3.2 LAVOISIER LAID THE FOUNDATION OF MODERN CHEMISTRY TT 


According to Aristotle, it was theoretically possible to transform any sub- 
stance to another substance simply by altering the relative proportions of the 
four basic qualities. This meant that, under the proper conditions, a metal like 
lead could be transformed to gold. This concept laid the foundation of 
alchemy, a field of study concerned primarily with ñnding potions that would 
produce gold or confer immortality. Alchemists from the time of Aristotle to as 
late as the 1600s tried in vain to convert various metals to gold. Despite the 
futility of their efforts, the alchemists learned much about the behavior of many 
chemicals, and many useful laboratory techniques were developed. 


® 32 Lavoisier Laid the Foundation 
of Modern Chemistry 


n the 1400s, the printing press was invented in Europe, and an explosion of 
information, including scientilc information, followed. Evidence against Âr1s- 
totles model of matter began to accumulate. In 1661, a well-known English exper- 
imentalist, Robert Boyle (1627—1691), departed from Aristotelian thought by 
proposing that a substance was not an element iŸ¡t was made oŸtwo or more com- 
ponents. He published these and related thoughts in a text entitled 7 ŠS&ø//ez/ 
Jyzzz, which had a signilicant Impact on future generations ofchemical thinkers. 

Abouta century after Boyle, huge steps toward our present understanding of 
elements and compounds were taken by the French chemist Antoine Lavoisier 
(1743-1794). Embracing Boyles views, Lavoisier accepted the idea of an 
elzzøf as any material made of onÌy one component. Taking this model a step 
further, as shown ¡in Figure 3.3, he identiled a c2øwøZ'as any material com- 
posed oftwo or more elements. As you may recall from Chapter 2, these delni- 
tions are in line with our present understanding. Hydrogen, for example, ¡s an 
element because it is made of only hydrogen atoms, and water is a compound 
because it is made ofatoms of the elements hydrogen and oxygen. 

The signifcance of Lavoisiers defnitions ¡s that they required experimenta- 
tion. This was counter ro the old ways of the Greek philosophers, who formu- 
lated their ideas based on logic and reason. Because he focused on the results of 
laboratory research, Lavoisier was a key player ¡in the development of modern 
chemistry. To many, he is known as the “father of modern chemistry.” 


MASS IS CONSERVED IN A CHEMICAL REACTION 

In the important experimenrt illustrated in Figure 3.4, Lavoisier carefully meas- 
ured the mass ofa sealed ølass vessel that contained tin. When he heated the ves- 
sel, a chemical reaction occurred and the tin turncd to a white powder. LavoIsier 


Substance A 
ˆRi (element) 
mm * He tRg 
(element) 


A representation of Lavoisiers notion of clements and compounds. Substances A 
and B cannot be broken down to smaller components and so are classtied as ele- 
ments. These two elements can react together to form the more complex substance 
C, which ¡s classiied as a compound because ït is made of more than one element. 


Substance C 
(compound—made of 
more than one element) 


FIGURE 3.3 


Anroine Lavoisier, sShown here with 
his wife, Marie-Anne, who assisted 
him in many of his experiments, 
was a concerned citizen as welÏ as a 
frst-rate scientist. He established 
free schools, advocated the use of 
fire hydrants, and designed street 
lamps to make travel through urban 
neighborhoods safer at night. To 
help ñnance his scientific projects, 
Lavoisier took part-time employ- 
ment as a tax collector. Because of 
this employment, he was beheaded 
in 1794 during the French Revolu- 
tion. Soon after his execution, how- 
ever, the French government was 
erecting statues In his honor. 


{w 


sø Tin foil and aluminum foïl are not 
the same thindl Tin foil is made of 
the elemernt tin, Sn (atomic num- 
ber so), and aluminum foiïl is 
made of the element aluminum, 
AT (atomic number 13). Both are 
useful for cooking and wrapping 
foods. Tin foïl is stiffer than alu- 
minum foïl and ït tends to gïve a 
slight tin taste to food wrapped in 

ït,which is one of the reasons it 

was replaced by aluminum foil 

in the early 2oth century. Alu- 

minum,however, should not be 

used with acidic foods, such as 

†omato sauce, because the acid 

reacts with the aluminum. Its 

ikely that people still refer to alu- 

Tmninum f0ïl as tin foil because of 

the shorter name. 

MORE TO EXPLORE: 
http://en.wikipedia.org/wiki/ 
Aluminum 
http://en.wikipedia.org/wiki/Tin 
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FIGURE 3.4 


Lavoisier measured the mass ofa 
sealed gÏass vessel containing tin 
and the mass of the same vessel 
containing a white powder left 
after the tin underwent a chemi- 
cal reaction. He found the mass 
to be the same before and after 
the reaction. 


Sunlight used to speed up 
the reaction of the tin 


Tin in a sealed 
glass vessel 


again measured the vessels mass and found ¡t had not changed. From the results 
of his experiments and the results of similar experiments performed by other 
investigators, Lavoisier hypothesized that mass is always conserved during a 
chemical reaction, where 2Z2s£zeđin this context means that the amounrt of the 
mass does not change—the number of grams of mass present after the reaction 
1s the same as the number of grams present before the reaction. This hypothesis 
is now considered to be a scientifc law, which ¡s any sclentific hypothesis that 
has been tested over and over again and has not been contradicted. (A scientifc 
law is sometimes referred to as a se/¿z/7/7c pr7zcipf.) Formally, the law of mass 
conservation states the following: 


There is no detectable change in the total mass of materials when they react 
chemically to form new materials. 


The law of mass conservation remains one of the most important laws in 
chemistry today. Ít is easy to see, however, why it took earlier investipators so 
long to formulate this law. After all, when wood burns, the mass of the ashes is 
always less than the mass of the original wood. Also, it was known that some 
substances, such as hardening cement, tend to gain mass as they undergo chem- 
ical change. What early investigators failed to recognize, however, is the role 
gases play in many chemical reactions. When wood burns, gaseous carbon diox- 
ide and water vapor are released. The ashes have less mass because they are only 
one of the products of the reaction. Cement gains mass as it absorbs atmos- 
pheric carbon dioxide. 

Lavoisier was exceedingly careful in attending to details. Ín recognizing the 
role that gases might play, he knew the importance of sealing his apparatus 
before performing a chemical reaction. 


m—.. 


Had Lavoisier been a follower of ancient Greek philosophy, what might have 
prevented him from điscovering the law of mass conservation? 


Was thỉs your answer? Using only logic and reason, ït is difficult to con- 
clude that mass is conserved in a chemical reaction. In rmost reactions, the 
total amount of mass appears to change because some of the products of 
the reaction are ïnvisible atmospheric gases. Thus the law of rmass conser- 
vation would have likely escaped Lavoisier's notice had he relied on the 
“cormnmon-sense”]ogic and reason used by Greek philosophers rather than 
0n precise rneasurements and experimentation. 


When Lavoisier opened the sealed vessel in which the white powder had 
formed, he observed that air rushed in. He hypothesized that, as it formed the 
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Difference 
in water 
Initial level 
water 
level 


(Lavoisier placed a piece (@)Focused sunlight caused ) When the reaction was 
of tin on a block of wood the tin to react and the complete, there was 
floating in water and water level in the jar to 20 percent less air in 
covered it with a glass jar. rise. the jar. 

FIGURE 3.5 


- Lavoisier directed sunlight at tin foating on a block oŸwood in a glass jar inverted 
over water. As the tin reacted to form a powder, the water level in the jar rose, indi- 
cating that some of the air originally ¡n the jar had taken part in the reaction. 


white powder, the tin absorbed either the air inside the vessel or perhaps only 
some componenrt of the air. To ñnd out what percentage of the air had reacted 
with the tin, he performed the same experiment using the arrangement shown in 
Eigure 3.5. When the tin was done reacting, the water level in the jar had risen 
to about one-ffth of the toral volume of the Jar. Lavoisier realized that the only 
possible explanation was that air originally in the jar (which kept water out before 
the reaction began) had somehow been consumed ¡in the chemical reaction with 
the tin. Because water replaced about 20 percent of the original volume ofair, he 
reasoned that air is a mixture of at least rwo øaseous materials. Cne gas, making 


ctPr¿y, 
+ 


strips with scissors. To promote 


ou can witness the involvement rusting of the steel wool,add 

of a gas ïn a reaction by per- about a capful of either vinegar or 

forming an experiment similar saltwater. Pour water into the 
to the ones Lavoisier perforrmed widemouthed jar to a depth of 
with tin. about 2 inches. Then invert the 

narrow jar into the water. Place 

WHAT YOU NEED the lip of the inverted jar on a coin 
Nonsoapy steel-wool pad; narrow, to prevent sealing with the bot- 
straight-sided jar, such as an olive jar; tom of the widemouthed jar. 


widemouthed jar (or shallow cooking 
pot); water; vinegar or saltwater 


2. Note the water level inside the 
inverted jar. 


PROCEDURE 3. Leave the setup alone until the 
steel wool, which is prïirmarily iron, 
begins to look rusty (a couple of 
hours should do ït). 


1. Follow the setup shown in the 
photograph. Stuff the steel]-wool 
pad ïnto the bottom of the narrow 
jar. A pad that doesnt fït through What has happened to the water 
the jar opening can be cut ïnto level ïn the mmverted jar? Why? 
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Joseph Priestley was a sel-trained 
scientist. He was the first to recog- 
nize the nature of carbonated bev- 
erapes and began the study of 
photosynthesis with his discovery 
that plants absorb carbon dioxide 
when exposed to sunlight. A radical 
¡in many of his political views, 
Priestley was regarded with much 
suspicion, especially after he pub- 
licly sympathized with the French 
Revolution. After he was harassed 
and a mob had burned his home 
and library, he took the advice of 
his good friend Benjamin Franklin 
and moved to America, where he 
spent the last few years of his life in 
selimposed exile. 


FIGURE 3.6 


Priestley collected oxygen gas by 
heating the highly toxic metallic 
compound known today as mer- 
curic oxide, HgO. When heated, 
mercuric oxide decomposes to 
liquid mercury and oxygen gas. 
Priestley collected the oxygen gas 
in an apparatus similar to the one 
illustrated here. As the gas is 
formed, it displaces water ¡in the 
submerged inverted glass. 


up about 20 percent of the air, disappeared from its øaseous phase by combining 
with the tin. The second gas, making up the other 80 percent, must have 
remained in the gaseous phase because it did not combine with the metal. 

Soon after Lavoisier completed these experiments, he learned that an English 
chemist, Joseph Priestley (1733—1804), had prepared and isolated a gas that had 
remarkable properties. This gas caused candÏles to burn more brightly and char- 
coal to burn hotter. Lavoisier found that this gas couldnt be broken down to 
simpler substances and so recognized ¡t to be an elemenrt. Because the gas could 
be used to produce acidic solutions, Lavoisier gave ¡t the name øxyeđø, which 
means “acid former.” He found that oxygen was the reacting component of the 
air In his tin eXperimenrs. 

See Figure 3.6 for a description of how Priestley first prepared and isolated 
Oxygcn. 


PROUST PROPOSED THE LAW OF DEFINITE PROPORTIONS 

In 1766, the English chemist Henry Cavendish (1731—1810) isolated a gas that 
could be ignited in aïr to produce water and heat. Lavoisier was the frst to rec- 
ognize this gas as an element, which he named hydrogen—a Greek word that 
means “water former.” Lavoisier was also the first to recognize that, in forming 
water, the hydrogen was reacting with atmospheric oxygen. Thus, water must be 
a compound (not an element as Aristotle professed) made of the two elements 
hydrogen and oxygen. 

By the 1790s, the French chemist Joseph Proust (1754-1826) had noted 
that, in forming water, hydrogen and oxygen aÌways react in a particular mass 
ratio. He found, for example, that 8 grams of oxygen react with 1 gram of 
hydrogen (no more and no Ïess) to produce 9 grams of water. Equivalently, 32 
grams of oxygen react with 4 prams of hydrogen (no more and no ÏÌess) to pro- 
duce 36 grams of water. In all cases, the ratio of oxyøen mass to hydrogen mass 
1s 8:1. Even If oxygen and hydrogen are not mixed in an 8:1 ratio, they react as 
though they were, as Figure 3.7 shows. 

'These and similar results with other chemical reactions, especially those involv- 
¡ng metallic compounds, led Proust to propose the law of definite proportions: 


Elements combine in definite mass ratios to form compounds. 


How elements “knew” to react in particular mass ratios Was a great mystery. 
The law of defnite proportions, however, turned out to be one of the greatest 
clues to the discovery of the atom. 


Water moves out of 
the glass as oxygen 
gas moves in. 


() Mercuric oxide, (@) Mercury, 
HgO Hg 


comnmon method of collecting a 

gas produced in a chemical reac- 

tion is by the displacement of 
water. In this activity, you will collect 
the carbon đioxide produced from 
the reaction between baking soda 
and vinegar. 


WHAT YOU NEED 


Large pot (or sink), water, small plas- 
tic soda bottle (the 2o-ounce size 
works nicely), film canister with lid, 
sharp knife, baking soda, vinegar, 
long wooden match, assistant 


SAFETY NOTE 


Wear safety glasses while using the 
knife and while the chemical reaction 
is taking place. 


PROCEDURE 


1.. Cuta hole no wider than a penci 
ïn the lid of the film canister. Add 
a teaspoon of baking soda to the 
canister and leave it uncapped. 


2. Fill the large pot (or the sink) 
three-fourths full with water. Fil] 
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the soda bottle with water,and 
with your hand over the opening, 
invert ït into the water in the pot. 
Have your assistant hold the soda 
bottle upright in the pot with the 
mouth of the bottle not touching 
the pot bottom. 


._Pour a capful of vinegar into the 


film canister. As the bubbles 
begin to form, quickly cap the 
canister, placing your thumb over 
the hole in the lid to hold ïn as 
much gas as possible. lImmedi- 
ately submerge the canister right 
side up directly below the mouth 
of the soda bottle. Release your 
thumb, and bubbles of carbon 
đioxide wïilÌ rise and be captured 
in the bottle. 


.. To collect more carbon dioxide, 


draïn the water from the film 
canister and repeat the proce- 
dure while your assistant con- 
tinues to hold the inverted 
bottle. 


.. Toexamine the properties of the 


gas generated in the baking 


soda-vinegar reaction, seal your 
hand over the mouth of the 
inverted soda bottle, carefully 
place the bottle upright on a table, 
and then uncover the mmouth. 
There may stïiÏl be some water in 
the bottle, but the gas above the 
water is carbon dioxide, which 
stays in the bottle because ït is 
heavier than aïr. Light the match 
and place the flame into the car- 
bon dioxide. Because there is no 
oxygen (there is only carbon diox- 
ide), the flame is quickly extin- 
guished because carbon dioxide 
does not support burning the way 
oxygen does. 


How many grams of water can be produced 
when 16 grams of oxygen is mixed with 2 grams 


of hydrogen? 


Was thỉs your answer? Oxygen and hydrogen 


react in an 8:1 mass ratio to form water, but that (b) 


doesrt mean you have to have exactly 8 grams of () 
Oxygen and exactly 1 gram of hydrogen in the reac- 
tion vessel.What this ratio meansisthatthemass  —~ s)-==n Rềnutee 


Oxygen + Hydrogen ==. + Oxygen + Hydrogen 


of oxygen taking part ïn the reaction is alWways 


exactly eight times the mass of hydrogen taking part. Because here the oxygen 
mmass—16 grams—is eight times the hydrogen mmass—2 grams—the 16 grams 
of oxygen reacts fully with the 2 grams of hydrogen to produce 18 grams of 
water. Note that a16:2 ratio is mathematically the same as an 8:1 ratio. 


5® 3.3 Dalton Deduced That Matter Is Made of Atoms 


he observations of Lavoisier, Proust, and others led John Dalton (1766— 
1844), a seleducated English schoolteacher, to reintroduce the atomic 
ideas of Democritus. In 1803, Dalton wrote a series of postulates——claims he 


Lefiover unreacted 
chemicals 


(a) In forming water, oxygen and 
hydrogen always react in an 8: Í 
mass ratio. (b) hen an excess of 
oxygen is present, the reaction 
sull occurs in an 8:1 ratio, with 
the exC€ss oxygen—2 grams in 
this case—remaining unreacted. 
(c) When an excess of hydrogen is 
present, the reaction stilÏ occurs 
in an 8:1 ratio, with the excess 
hydrogen remaining unreacted. 
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CHAPTER 3 


John Dalton was born into a very 
poor family. Although his formal 
schooling ended at age 11, he contin- 
ued to learn on his own and even 
began teaching others when he was 
only 12. His primary research interest 
was weather, which led him to con- 
duct many experiments with gases. 
Soon after publishing his conclusions 
on the atomic nature of matter, his 
reputation as a first-rat€ scIentIst 
increased rapidly. In 1810, he was 
elected into Britains premiere scien- 
tilc organization, the Royal Society. 


DISCOVERING THE ATOM AND SUBATOMIC PARTICLES 


FINDING OUT HOW MUCH OF A CHEMICAL REACTS I 


#t When the definite proportions for a given reaction are 
known, unit conversion (see the Calculation Corner on 
page 12) can help you deterrmnine the amnount of a chemi- 
cal that takes part in the reaction. For instance, we can 
express the law of definite proportions for the forma- 
tion of water as 


8 goxygen:1 g hydrogen 
From thỉs relationship, we can derive two conversion 
factors: 
8goxygen 
1ghydrogen 


1g hydrogen 
8goxygen 


f you are given a certain amount of one elerment and 

wantt to know how mnuch of the other elerment is needed 

for a cormnplete reaction, you need onÌy multipÌy by the 
appropriate conversion factor to find the answer. 


EXAMPLE 


How much hydrogen is needed in order for 64 grams of 
oxygen to react completely in the formation of water? 


ANSWER 
: hyd 
64 goxygen x HH = 8ghydrogen 
' 8 goxygen 
DỆ † † 
Quantity Conversion Quantity 
Ofoxygen factor of hydrogen 
ïn grams ïngrams 


Knowïing how much of each element must be present for 
complete reaction then allows you to determine how much 
product forms. lf 64 grams of oxygen reacts with 8 grams of 
hydrogen, then a total of 64 grams + 8 grams = 72 grams of 
water ïs formed. 


YOUR TURN 


1.. Nitrogen and hydrogen react in a 14:3 mass ratio to 
form armnmonia. How mnuch hydrogen ïs needed in order 
for 7O grams of nïtrogen to react completely? 


2.. Howrnuch ammonia forms ïn the reaction between 
7.O grams of nitrogen and 6.o grams of hydrogen? 


Answers to Calculation Corners appear at the end oƒ each chapter. 


as follows: 


compounds. 


today. 


assumed to be true based on experimental evidence—that can be summarized 


1. Each element consists ofindivisible, minute particles called atoms. 
2. Atoms can be neither created nor destroyed in chemical reactions. 
3. All atoms ofa given element are identical. 


4. Atoms chemically combine ¡in deRnite whole-number ratios to form 


5. Atoms of different elements have different masses. 


Even though Dalton was not correct about atoms being indivisible or about 
alÏ atoms ofa given element being identical (weÏl see why later in the chapter), 
his postulates answered many questlons about the nature of elements and com- 
pounds. Postulate 2, for example, which described the 77/2/re£Zðke nature of 
atoms, accounted for Lavoisiers mass-conservation principle. During a chemical 
reaction, atoms may be exchanged, but never are they created out of nothing 
nor do they simply vanish. Postulate 4 explained compounds as the combina- 
tion of the atoms of different elements. Oxygen and hydrogen atoms, for cxam- 
ple, combine to form water. 

Dalton concluded that because 8 grams of oxygen always combines with 
I gram of hydrogen, the oxygen atom must be eight times more massive than 
the hydrogen atom. In drawing this conclusion, he assumed that a single oxy- 
Øen atom Joins with a single hydrogen atom. According to Dalton, therefore, the 
most fundamental unit of water was HO rather than the familiar HO we know 
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DALTON DEFENDED HIS ATOMIC HYPOTHESIS 
AGAINST EXPERIMENTAL EVIDENCE 


In 1808, the French chemist Joseph Gay-Lussac (1778—1850) reported that 
when gaseous elements react, their øø/z#s are In a ratlo of small whole num- 
bers. Thịs ¡is similar to what Proust described ïn his law of definite proportIlons 
except that Gay-Lussac was Íocusing on volume, not mass. CGay-LussacS eXperI- 
ments showed that 2 liters of hydrogen completely reacts with 1 liter of oxygen 
(no more and no Ïess) to form 2 [iters of water vapor: 


2 liters hydrogen gas + 1 liter oxygen gas —> 2 Ïiters water vapor 


Dalton, however, was hiphly critical of Gay-LussacS experiments. Dalton had 
already fñrmly established in his own mind that the formula for water was HO. 
IÝ water contained twice as much hydrogen as oxygen, the formula would have 
to be HO. In addition, Dalton could not understand how 2 liters of water 
formed and not just 1 liter, as shown ¡in Figure 3.8a. 

Gay-Lussacs results, illustrated in Eigure 3.8b, showed that 2 liters of water 
vapor formed. So where did the atoms needed to create the additional liter of 
water vapor come from? Did each hydrogen atom and cach oxygen atom split 
¡n half This would effectively double the number of atoms, allowing for a sec- 
ond volume of water. The notion of an atom splitting in half, however, was 
counter to Daltons well-received atomic hypothesis. 

In 1811, the Iralian physicist and lawyer Amadeo Avogadro (1776-1856) 
gave a brilliant explanation for Gay-Lussacs experimental results. Avogadro 
hypothesized that the fundamenral particles of hydrogen and oxygen were not 
atoms but rather diatomic molecules, where the term Z72/ø7zc indicates two 


FIGURE 3.8 


- (a) Dalton pointed out that ifwater had the formula HO, then 2 liters of hydrogen 
(shown here as 20 atoms) and I liter of oxygen (shown here as 10 atoms) should 
yield 1 liter of water vapor (shown here as 10 molecules containing a total of 30 
atoms). (b) Gay-Lussac experiments showed that 2 Ïiters of water vapor formed. 
WWhere did the atoms for this second liter of water vapor come from? Questions such 
as this led Dalton to distrust Gay-Lussacs experimental results. 


@ e ®© @ =) 
Hydrogen Oxygen Water Hydrogen 
(2 liters) (1 liter) (1 liter) (2 liters) (1 liter) 


200m + 10atm  =  30aơms - 


(a) 


Oxygen 


= Deduction is the process of deduc- 


ïng a logical conclusion. You can 
deduce,for exarnple, that ifsome 
birds do not swim, and all pen- 
quins swim,then some birds are 
not penguins. Induction is the 
process of generalizing a theory 
out of observations. For exarmmple, if 
all the crows you've ever seen are 
black, then you can ïnduce that all 
crows are black (though the rare 
albino crow may prove your induc- 
†ion wrong). Science generalÌy 
works neither by deduction nor by 
induction. Instead, science follows 
a third mode ofinfering truth 
known as retroduction,which is 
the process of studying the facts 
and devising a theory to explaïn 
them.While deduction and induc- 
†ion lead to conclusions, retroduc- 
tion leads to the formation of new 
ideas. John Daltons imaginative 
and creative leap to the idea that 
we are made ofincredibly tiny par- 
ticles called atoms ïs a classic 
example. Science is based mnuch 
mnore on human creativity than ït 
is on logÏc. 


MORE TO EXPLORE: 


Burton S. Guttman, “The Real 
Method of Scientific Discovery,” 
Skeptical Inquirer 28(1), Jan./Feb.: 
45-47. - 

WWW.CSiCOD.Org 


Water | 
(2 liters) | 
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In addition to exploring the chemi- 
cal identity of gases and the nature 
of chemical reactions, ]oseph Gay- 
Lussac was one of the first balloon- 
ists. In one oFhis balloon flights to 
test hypotheses on the composition 
ofair and the extent of Earth5 mag- 
netic ñeld, Gay-Lussac reached an 
altitude of 7000 meters (23,000 
feet). This record remained unbro- 
ken for the next 50 years. 


Hydrogen Oxygen 
(2 liters) (1 liter) 


my) 


atoms per molecule. Thus, the formula for hydrogen is H;, and the formula for 
oxygen ¡is O¿. Diatomic particles of hydrogen and oxygen would have double 
the number of atoms ¡n a given volume, thus allowing for the formation ofa 
second volume of water, as Figure 3.9 shows. 


How many molecules of hydrogen chloride, HC], forrm when ten molecules 
of diatomic hydrogen, H,, react with ten molecules of diatomic chlorine, Cl,? 
lf ten molecules represent one volume, how mnany volumes of hydrogen 
chloride form? 


Hydrogen,H; Chlorine, Cl; 


Were these your answers? In this reaction, 2o hydrogen chloride molecules 
are formed. One volume of hydrogen plus one volume of chlorine react to 
form two volumes of hydrogen chloride. 


œ Hydrogen chloride 


| Dalton understood Avogadros creative argument but 
-_ found ït unacceptable because ¡t failed to explain how 
two atoms of the same element could bond to cach 
other. Based on his own research, Dalton had come to 
the erroneous conclusion that atoms of the same kind 
always have a natural repulsion for one another. Because 
of Daltons authority in the scientilc community, Avo- 
gadros hypothesis was discarded and did not reappear 


® for another halfÍ-century. 
VN | In 1860, an International conference of chemists con- 
(2 liters) - vened to discuss how the masses of atoms of different ele- 


ments could be measured and compared with one another. 


_40aoms + 20aom =  60aom  (Aswe explore in Section 9.2, knowing the relative masses 


FIGURE3.9 


Because cach particle of gaseous 
hydrogen and gascous oxygcn Is 
diatomic, 2 liters of hydrogen 
and 1 liter ofoxygen form 2 liters 
Of water vapor. In this way, mole- 
cules o£hydrogen, H;, and oxy- 
gen, Ô›, are split rather than 
atoms oFfhydrogen, H, and oxy- 
gen, ©, and Daltons atomic the- 
ory ¡s not violated. 


of atoms helps chemists understand and control chemical 

reactions.) At the time, there was little aøreement because 
different chemists using different experimenral procedures and assuming differ- 
ent theories came up with different results. Progress in chemistry was stymied 
by this problem. 

At this conference, a pamphlet written by the Italian chemist Stanislao Can- 
nizzaro (1826-1910) was presentcd. In this pamphlet, which he had used with 
his students for several years, Cannizzaro explained and justiied Avogadros 
hypothesis and showed how correct atomic masses and formulas could be 
obrained through easy calculations. The concept was simple: provided equal vol- 
umes of gases contain equal numbers of atoms or molecules, the relative masses 
of these particles can be obtained by weighing equal volumes of gases that are at 
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1 liter oxygen 


1 liter hydrogen 


FIGURE 3.10 


One liter oFoxygen is l6 times more massive than the same volume ofhydrogen. 
Assuming I liter ofoxygen and 1 liter of hydrogen contain the same number of par- 
ticles, the mass ofan oxygen particle must be 1Ó times greater than the mass ofa 
hydrogen particle. 


the same temperature and pressure. Às shown ¡in Eigure 3.10, for example, 1 liter 
ofoxygen is 16 times heavier (more massive) than 1 liter ofhydrogen, suggesting 
that, assuming the same number of atoms per molecule, an oxygen molecule ¡s 
16 times heavier (more massive) than a hydrogen molecule. Analysis of equal yol- 
umes oÊ gases for many other elements resulted in the first tables ofaccurate rela- 
tive atomic masses, and from these tables grew the all-important periodic table. 

Despite the critical attacks by Dalton, the contributions of Gay-Lussac and 
Avogadro turned out to be most important to the development of atomic the- 
ory. Their efforts, however, were not widely recognized until after their deaths. 
Gay-Lussac died 10 years prior to the 1860 conference, and Avogadro died 
Á years DrIOI. 


MENDELEEV USED KNOWN RELATIVE ATOMIC MASSES TO CREATE 
THE PERIODIC TABLE 


By the 1860s, many scientists working independently had notcd that when they 
listed elements in order of relative masses, a number of interesting patterns 
arose. Many physical and chemical properties, for example, tended to change 
gradually in moving from one elemenr to the next. At regular intervals, however, 
an element had properties that were vastly different from those of the preceding 
element and more like those ofa much lighter elemenrt. In other words, the 
Properties of elements tended to recur in eye/zs, exhibiting the ø/z7ø27c7£y we 
looked at in Section 2.6. 

In 1869, a Russian chemistry professor, Dmitri Mendeleev (1834-1907), 
produced a chart summarizing the properties of known elements for his stu- 
dents. Mendeleev5 chart was unique in that it resembled a calendar. Across cach 
horizontal row, he placed all the elements that appeared in one interval of 
repeating properties. Jown each vertical column he placed elements of similar 
properties. He found, however, that in order to align elements properly in a col- 
umn, he had to shift elements left or ripht occasionally. This left gaps—blank 
spaces that could nor be filled by any known element (Figure 3.11). Instead of 
looking on these gaps as defects, Mendeleev boldly predicted the existence of 
elements that had not yet been discovered. Furthermore, his predictions about 
the properties o£ some of those missing elements led to their discovery. 


Amadeo Avogadro received a doctor 
of law degree when he was 20 years 
old. He enjoyed practicing law but 
Wwas more interested in science, 
which eventually became his lifes 
occupation. Âs a professor of physics 
and mathematics in Italy, he was 
geographically and inrtellectually 
isolated from the chemical commu- 
nity developing on the other side of 
the Alps in northern France and in 
England. This isolation made ít dif- 
fñcult for him to defend his views on 
the nature ofatoms. In addition, he 
valued his privacy and preferred 


focusing his energies on his family. 


#4 
£ + 


lễ 
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Stanislao Cannizzaros main 
research interests were in the chem- 
Istry of carbon compounds found 
1n living organisms. Cannizzaro did 
mụuch to dispel the then widely 
held belief that the laws øoverning 
those chemicals were different from 
the laws governing chemicals not 
found in living organisms. 
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Dmitri Mendeleev was a devoted 
and hiphly effective teacher. Stu- 
dents adored him and would fill 
lecture halls to hear him speak 
about chemistry. Much of his work 
on the periodic table occurred in 
his spare time following his lec- 
tures. Mendeleev taupht not only in 
the university classtooms but any- 
where he traveled. During his jour- 
neys by train, he would travel third 
class with peasants to share his find- 
ings about agriculture. 


_PI=106, Ös—199. 
Ag—108 HgẪ=200. - 
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FIGURE 3.11 


-_ An early draft of Mendeleevs periodic table. 


That Mendeleev was able to predict the properties of new elements helped 
convince many scientists of the accuracy of Daltons atomic hypothesis. This in 
turn helped promote Dalton5 proposed atomic nature of matter from a hypoth- 
esis to a more widely accepted theory. Mendeleevs chart, which ultimately led 
to our modern periodic table with its horizontal periods and vertical groups, also 
helped lay the groundwork for our understanding ofatomic behavior and Is rec- 
ognized as one of the most important achievements of modern science. 
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The following statements summarize the scientific discoveries presented in 
Sections 3.2 and 3.3. Place them ïn chronological order. 

a. Elements are made of atoms. 

b. Chemicals react ïn definite whole-number ratios. 

c. Relative mmasses of atoms can be measured. 

d. Hydrogen gas and oxygen gas consist of diatomic molecules. 

e. The periodic table can be used to predict the properties of elements. 

f.. Mass is conserved during a chemical reaction. 
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Was thỉs your answer? Lavoisier discovered that rmass ïs conserved during a 
chemical reaction, which led Proust to discover that chemicals react ïn deƒi- 
nite whole-number ratios. Based on this information, Dalton proposed that 
elements are made oƒ atoms. This was followed by Gay-Lussac's experiments, 
which suggested to Avogadro that hydrogen gas and oxygen gas consist 0ƒ 
điatomic molecules. Usiïng this as a premise, Cannizzaro was able to show 
how Avogadro's hypothesis could be used fo measure the relative rmasses oƒ 
atoms. Knowing relative masses allowed Mendeleev to đevise the periodic 
table and use ït to predict the properties oƒ elemenis yet to be discovered. The 
correct sequenece is therefore f, b, a, d, c, . 


Today, the results oŸ many scientiic experiments confrm the atomic nature 
of matter. Contrary to DaltonS notion of the indivisible atom, however, an 
accumulation of evidence tells us that atoms are ¡n fact divisible and that they 
are made of smaller particles called ø/ee/roøs, prøzøzs, and ?ew/røzs. For the 
remainder of this chapter, we explore these s/zøz/ø7c par//cÍes in detail, continu- 
¡ng with our historical perspective. 


*® 3.4 The Electron Was the First Subatomic 
Particle Discovered 


F 1752, Benjamin Franklin (1706—1790) learned from experiments with 
thunderstorms that liphtning is a fow of electrical energy through the 
atmosphere. This discovery prompted 1I9th-century scientists to explore 
whether or not electrical energy could travel through gases other than the 
atmosphere. To fnd out, they applied a voltage across ølass tubes in which they 
had scaled various gases. (To appÌy a voltage means to connect cach end ofa 
tube to a wire and then connect the free ends of the two wires to a battery.) 

In every case, the result was a brightly glowing ray (Figure 3.12a). This meant 
that electrical energy was able to travel through different types of gases. To the 


Benjamin Franklin invented the 
lightning rod, which ¡s a sharp 
point of metal placed on a rooftop 
and connected to the ground by a 
long wire. Houses equipped with 
such rods are protected from the 
danger oflightning bolts. A popular 
myth holds that Franklin discovered 
the electrical nature of lightning by 
fying a kite during a lightning 
storm. Franklin, however, was smart 
enouph to know the extreme danger 
posed by such a foolish act. 


FIGURE 3.12 


(a) Electrical energy passing through a glass tube filled with neon gas generates a 
brighr red glowing ray. (b) The ray passing throuph an evacuated gÌass tube ¡s not 
usually visible. In the tube shown here, however, the ray is highlighted by a Ñuores- 
cent backing that glows øreen as the ray pass€s Over It. 
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surprise of these early investigators, a ray was also produced when the volrage 
was applied across a glass tube that had been evacuated and was thus empry of 
any gas (Figure 3.12b). This implied that the ray was not a consequence of the 
gas, but rather an entity in and o£¡tself. 

Experiments showed that the ray emerged from the end of the tube that was 
negatively charged. Because this negatively charged end was called the ez/2, 
the apparatus, shown ¡in Figure 3.13a, was named a cathode ray tube. Magneuc 
ñelds caused the ray to deRect, as did small electrically charged metal plÌates. 
WWhen such plates were used, the ray was always deflected toward the positively 
charged plate and away from the negatively charged plates. Because like sipns of 
electric charge repel each other, this meant the cathode ray was negatively 
charged. The speed of the ray was found to be considerably less than the speed 
of light. Because of these characteristics, it appeared that the ray behaved more 
like a beam of particles than a beam of light. 

In 1897, J. J. Thomson (1856-1940) measured the deflection angles of cath- 
ode ray particles in a magnetic ñeld, using a magnet positioned as shown in 
Joseph John Thomson, known to Eigure 3.13b. He reasoned that the defection ofthe particles depended on their 
his colleagues as J. J., was one ofthe _mass and electric charge. The greater a particles mass, the greater Its resistance to 
first directors of the famous a change in motion and therefore the szzz//er the deflection. The greater a parti- 
Cavendish Laboratory of Cam- cles charge, the stronger the magnetic interactions and therefore the /zzøcz the 


"`. tr gland, defection. The angle of defection, he concluded, was equal to the ratio of the 
kiiEc2 ba oDeU.0aaloxksseeoMnrovg particles charge to its mass: 


concerning subatomic particles and 
their behavior were made. Seven of 


'ThomsonS students went on to angle of deflection = chargc 

receive Nobel prizes for their scIen- Im4SS 

tiñc work. Thomson himselfwon a 

Nobel prize in 1906 for his work Knowing only the angle of defection, however, Thomson was unable to calcu- 
with the cathode ray tube. late either the charge or the mass of each particle. In order to calculate the mass, 


he needed to know the charge, but in order to calculate the charge, he needed 
to know the mass. 


(a) A simple cathode ray tube. 
'The small hole in the positvely 
charged end of the tube, the 
anode, permits the passaøe ofa 
narrow beam that strikes the end (a)  Cathode 
of the evacuated tube, producing (=) 

a glowing dot as the beam inter- 
acts with the glass. (b) The cath- 
ode ray ¡s deflected by a magnetic 


Rñeld. 


High-voltage source 


Evacuated tube 


Cathode ray 


In Beam having 


passed through 
hole in anode 


| 
| 
Deflected | 
beam | 
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For which equation is it not possible to calculate one specific value for x: 


Was this your answer? In the first equation, †ts possible to figure that x = 8 
(because 8 + 2 = 4). In the second equation,x would equal 1s ïf ý equaled s5 
(because 15 + 5 = 3) but would equal 9 ïf y equaled 3 (because 9 + 3 = 3). In 
other words,one specific value for x cannot be determined unless the value 
of yïs known. Likewise, the value of y cannot be determined unless the value 
of x ïs khown. Similarly, Thomson could not calculate the electrors rmnass 
without knowing ïts charge. 


In 1909, the American physicist Robert Millikan (1868—1953) calculated 
the numerical value ofa single increment of electric charge on the basis of the 
innovative experiment shown in Eigure 3.L4. Millikan sprayed tiny oil droplets 
into a specially designed chamber in which droplets could be suspended in air 
by the application ofan electric fñeld. (This is similar to the way a personS hair 
can be made to stand straight up by placing a statically charged balloon near 
the hair.) When the ñeld was strong on Millikans apparatus, some of the 
droplets moved upward, indicating they had a very slight negative charge and 
so were attracted to the upper, positively charged plate. Millikan adjusted the 
Rñeld so that some of the droplets would hover motionless. He knew that the 
downward force of gravity on these motionless droplets was exactly balanced 
by the upward electric force. By altering the field strength, he could make other 
droplets, of different masses, hover motionless. Repeated measurements 
showed that the electric charge on any droplet was always some multiple of a 
single very small value, 1.60 x 10”? coulomb, which Millikan proposed to be 
the fundamental increment ofalÏ electric charge. (The cøz/ø7# is a unit of elec- 
tric charge.) Using this value and the charge-to-mass ratio discovered by 
Thomson, Millikan calculated the mass ofa cathode ray particle to be consid- 
erably less than that of the smallest known atom, hydrogen. This was remark- 
able because ¡ít provided strong evidence that the atom was not the smallest 
particle of mattcr. 


(2) Droplets fall due to 
gravity, with a few 
falling through a hole 
in the positively 
charged plate. 


| A mist of oil droplets 
| is injected into the 
top chamber. 


Adjustable Charged plate (--) 
electricfield | Charged plate (—) 


Œ)The electric field is adjusted until a droplet | 
hovers. The upward electric force exerted | 
on the droplet by the positively charged 
plate is exactly balanced by the downward 
force of gravity exerted on the droplet. 


The European science community 
ofthe 1800s viewed most Ameri- 
can scientists as Inventors—clever, 
but not profound ¡in their thinking 
or discoveries. This attitude began 
to change at the turn of the 20th 
century, principally because of the 
worlkk of American scientists sụch as 
Robert Millikan, who excelled ¡in 
his experimenral designs and con- 
clusions. In addition to research, he 
also spent much time preparing 
textbooks so that his students did 
nor have to rely so much on lec- 
tures. He won a Nobel prize in 
1923 and served as the president of 
Caltech from 1921 to 1945. 


Millikan determined the charge 
ofan electron with this oil-drop 
experIment. 
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tare at a non-LCD television set or 

computer monitor, and you stare 

down the barrel of a cathode ray 
tube. You can find evidence for this b 


ATOM AND SUBATOMIC PARTICLES 


BENDING ELECTRONS l 


holding a magnet up to the screen. Bài Si v:, 
Note the distortion. Important: use ^^ ........... 
only a small magnet and hold ït up to 


the screen only briefly; otherwise the 
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y đistortion may become permanent. 
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Positively charged 
part of atom 


Negatively charged 
electron | 


FIGURE 3.15 


Thomsons plum-pudding model 
of the atom. Thomson proposed 
that the atom might be made of 
thousands of tiny, negatively 
charged particles swarming 
within a cloud ofpositive charge, 
much like plums and raisins in 
an old-fashioned Christmas 
plum pudding. 
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What do the numbers 45, 3O, 6O, 75, 1O5, 35, 8O, 55, 9O, 2o, and 6s have in 
cornmon? 


Was thỉs your answer? They are all multiples of 5s. In a sỉmilar fashion, Mil- 
likan noted that all the readings from his electronic equipment were multi- 
ples of a very small number, which he calculated to be 1.6O x10” coulormb. 


The cathode ray particle is known today as the electron, a name that comes 
from the Greek word for amber (e/zc£z/7#), which is a material the early Greeks 
used to study the effects of static electricity. The electron ¡s a fundamental com- 
ponent ofall atoms. All electrons are identical, each having a negative electric 
charge and an incredibly small mass of 9.1 x 107”! kilogram. Electrons deter- 
mine many ofa materials properties, including chemical reactivity and such 
physical attributes as taste, texture, appearance, and color. 

The cathode ray——a stream of electrons——has found a great number ofappli- 
cations. Most notably, a traditional television set (not the modern, thin, LCD 
screens) is a cathode ray tube with one end widened out into a phosphor-coated 
screen. Signals from the television station cause electrically charged plates in the 
tube to control the direction of the ray such that images are traced onto the 
Screen. 


5® 3ø The Mass of an Atom ls Concentrated 
in Its Nucleus 


t was reasoned that IÝatoms contained negatively charged particles, some 

balancing positively charged matter must also exist. From this, Thomson 
put forth what he called a ø/z”-p42ng model of the atom, shown in Fig- 
ure 3.15. Further experimentation, however, soon proved this model to be 
Wrong. 

Around 1910, a more accurate picture of the atom came to one of Thomson§s 
former students, the New Zealand physicist Ernest Rutherford (1871—1937). 
Rutherford oversaw the now-famous gold-foil experiment, which was the first 
experiment to show that the atom is mostÌy empty spacc and that most oÝ Its 
mass is concenrrated in a tiny cenrral core called the atomic nucleus. 
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FIGURE 3.16 


- Rutherfords gold-foil experiment. A beam of positively charged alpha particles was 

- directed at a piece of gold foil. Most of the particles passed through the foil unde- 

-_ Rected, but some were defected. This result implied that cach gold atom was mostly 
empty space with a concentration of mass at its center—the atomic nucleus. 


In Rutherfords experiment, shown ¡in Figure 3.16, a beam oÊ positively 
charged particles, called alpha particles, was directed through an ultrathin 
sheet of gold foil. Since alpha particles were known to be thousands of 


times more massive than electrons, it was expected that the alpha-particle @. _——— 


stream would not be impeded as ít passed through the “atomic pudding” 

of gold foil. This was indeed observed to be the case—for the most part. 
Nearly all alpha particles passed through the gold foil undeflected and 
produccd spots of light when they hit a Ñuorescent screen positioned 
around the gold foil. However, some particles were deflected from theiïr straight- 
line path as they passed throuph the foil. A few of them were widely deflected, 
and a very few were even deflectcd straight back toward the sourcel These alpha 
particles must have hit something relatively massive, but what? Rutherford rea- 
soned that undefected particles traveled through regions of the gold foil that 
were empty space, as Figure 3.17 shows, and the deflected ones were repelled 
from extremely dense positively charged centers. Each atom, he concluded, must 
contain one of these centers, which he named the 2/Ø7/c 72cle13. 

Rutherford guessed that the atomic nucleus must have a positive electric 
charge to balance the negative charge of the electrons in the atom. He also 
guessed that the electrons were not part of this nucleus and so must be outside 
It but still somewhere in the atom. Today we know that, as Figure 3.18 illus- 
trates, the electrons do indeed exist outside the nucleus, swirling around it at 
ultrahigh speeds. Figure 3.18 also shows that an atom is mostÌy empty space, 
with the diameter of the whole atom being about 10,000 times greater than the 
diameter ofits nucleus. IÝa nucleus were the size of the period at the end of this 
sentence, the outer edges of the atom would be located 3.3 meters (11 feet) 
away. Also, because the nucleus is so dense, the mass of such a period-sized 
nucleus would be on the order o£2500 kilopgrams——the mass ofa large pickup 
truck. 

Wc and all materials around us are mostÌy empty space becausc the atoms 
we are made of are mostly empty space. So why dont atoms simplÌy pass 
through one another? How is it that we are supported by the foor despite the 
empty nature of its atoms? Although subatomic particles are much smaller 
than the volume of the atom, the range of their electric fñeld ¡s several times 
larger than that volume. In the outer regions ofany atom are electrons, which 


Atoms in gold foil 


Nucleus (--) 


FIGURE 3.17 
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 RutherfordS Interpretation of the 


results from his gold-foil experi- 
ment. Most alpha particles 
passed throuph the empty space 
of the gold atoms undeflected, 
but a few were defected by an 
atomic nucleus. 
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hen Ernest Rutherford was 24, 
he placed second ¡in a New Zealand 
scholarship competition to attend 
Cambridge University in England, 
but the scholarship was awarded to 
Rutherford after the winner 
decided to stay home and get mar- 
ried. In addition to discovering the 
atomic nucleus, Rutherford was 
also ñrst to characterize and name 
many ofthe nuclear phenomena 
discussed ¡in the following chapter. 
He won a Nobel prize in 1908 for 
showing how elements such as ura- 
nium can become different ele- 
menrs through the process of 
radioactive decay. At the time, the 
idea ofone element transforming 
to another was shocking and met 
with great skepticism because it 
seemed reminiscent ofalchemy. 


As close as Tracy and lan are In 
this photograph, none of their 
atoms meet. Ihe cÏoseness 
between us is in our hearts. 


DISCOVERING THE ATOM AND SUBATOMIC PARTICLES 


Electrons whiz around the atomic nucleus, forming what can be best described as an 
ultrathin cloud. IẾ this ¡l[ustration were drawn to scale, the atomic nucleus would be 
too small to be seen. An atom is mostÌy empty space. How Rutherford came to this 
remarkable model of the atom is another classic example of retroduction (see FYI on 
page 83). 


repel the electrons of neighboring atoms. Two atoms therefore can get onlÌy so 
close to each other before they start repelling (provided they dont join in a 
chemical bond, as ¡s discussed in Chapter 6). hen the atoms of your hand 
push against the atoms of a wall, electrical repulsions between electrons in 
your hand and electrons in the wall prevent your hand from passing through 
the wall. These same electrical repulsions prevent us from falling throuph the 
solid foor. They also allow us the sense of touch. Interestingly, when you 
touch someone, your atoms and those of the other person do not mect. 
Instead, atoms from the two ofyou get close enough so that you sense an elec- 
trical repulsion. There is still a tiny, though imperceptible, gap berween the 
two ofyou (Figure 3.19). 


® 3.6 The Atomic Nucleus lIs Made of Protons 
and Neutrons 


he positive charge of any atomic nucleus was found to be equal in mag- 
nitude to the combined negative charge of all the electrons in the atom. 
Ít was thus reasoned, and then experimentally confirmed, that positively 
charged subatomic particles make up the nucleus. Today we call these posi- 
tively charged particles protons. The proton ¡s nearly 2000 times more mas- 
sive than the electron. The electric charge on the proton is numerically equal 
to the electric charge on the electron, but, as just mentioned, the charge on 
the proton is positive. Thus cach electron has an electric charge of—1.60 x 10”? 
coulomb, and each proton has an electric charge of +1.60 10”? coulomb. 
The number of protons in the nucleus ofany atom ¡is equal to the number of 
electrons whirling about the nucleus, and so the positive charge and negative 
charge cancel each other, which means the atom ¡is electrically balanced. For 
example, an electrically balanced oxygen atom has eight electrons and eight 
PrOtons. 

Scientists have agreed to identify elements by atomic number, which ¡s the 
number of protons cach atom ofa given element contains. The modern periodic 
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table lists the elements in order of increasing atomic number. Hydrogen, with 
one proton per atom, has atomic number 1; helium, with two protons per atom, 
has atomic number 2; and so on. 


cK 
How many protons are there in an iron atom, Fe (atomic number 26)? 


Was this your answer? The atomic number of an atom and its number of 
protons are the same. Thus, there are 26 protons ïn an iron atom. Another 

way to put this is that all atoms that contain 26 protons are, by definition, 
iron atoms. 


IÝ we compare the electric charges and masses of different atoms, we see that 
the atomic nucleus must be made up of more than just protons. Helium, for 
example, has twice the electric charge of hydrogen but /ƒøzz times the mass. The 
added mass ¡is duc to another subatomic particle found ¡in the nucleus, the 
neutron, which was frst detected in 1932 by the British physicist James Chad- 
wick (1891—1974). The neutron has about the same mass as the proton, but it 
has no electric charge. Any object that has no net electric charge ¡s said to be 
electricaly „euiral, and that 1s how the neutron got its name. ÑWe discuss the 
important role that neutrons play in holding the atomic nucleus together in the 
following chapter. 

Both protons and neutrons are called nucleons, a term that denotes their 
location in the atomic nucleus. Table 3.1 summarizes the basic facts about our 
three subatomic particÌes. 

For any element, there is no set number of neutrons ¡n the nucleus. For 
example, most hydrogen atoms (atomic number 1) have no neutrons. A small 
percentage, however, have one neutron, and a smaller percentage have two neu- 
trons. Similarly, most iron atoms (atomic number 26) have 30 neutrons, but a 
small percentage have 29 neutrons. Atoms of the same element that contain di£- 
ferent numbers of neutrons are isotopes ofone another. 

WWe identify isotopes by their mass number, which ¡s the total number of 
protons and neutrons (ín other words, the number of nucleons) ¡in the 
nucleus. As Figure 3.20 shows, a hydrogen isotope with only one proton is 
called hydrogen-1, where 1 is the mass number. A hydrogen isotope with one 
proton and one neutron ¡is therefore hydrogen-2, and a hydrogen isotope with 
one proton and rwo neutrons is hydrogen-3. Similarly, an iron isotope with 
26 protons and 30 neutrons is called iron-56, and one with only 29 neutrons 
1s Iron-55. 

An alternative method ofindicating isotopes is to write the mass number as a 
superscript and the atomic number as a subscript to the left of the atomic symbol. 


Nucleus 


Neutron 


A neu†ron qoes in†o a 
res†auran† and asks The 
Woiter, low much for q 
drink?” The woi†er replies, 
or you, no charge.” 


TABLE 3.1 SUBATOMIC PARTICLES 


Particle Charge Relative Mass Actual Mass” (kg) 

Electron —I 1 Q.11X1O3'** 

Proton +1 1836 1Ø 5O" 
Nucleons 

Neutron le) 1841 1.675 1O” 


*Not measured đirectly but calculated from experimental data. 
**9.11 x10?" kg = OOOOOOOOOOOOOOOOOOO000000000000911 kg (see Appendix A). 
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FIGURE 3.20 


Isotopes oFan element have the 
same number oÊ protons but difˆ 
ferent numbers of neutrons and 
hence different mass numbers. 
The three hydrogen isotopes 
have special names: protium 

for hydrogen-l, deuterium for 
hydrogen-2, and tritium for 
hydrogen-3. Of these three iso- 
topes, hydrogen-l is most com- 
mon. For most elements, such as 
iron, the isotopes have no special 
names and are indicated merely 
by mass number. 


» » X 


Hydrogen+1 Hydrogen-2 Hydrogen-3 lron-56 lron-55 
1 proton 1 proton 1 proton 26 protons 26 protons ị 
0 neutron 1 neutron 2 neutrons 30 neutrons 29 neutrons 
(protium) (deuterium) (tritium) 
Ï ImA 
ị Hydrogen isotopes lron isotopes 


EFor example, an iron isotope with a mass number of 56 and atomic number of26 
1S WTitten 
Mass number.. 


É= 
— Atomiic symbol 
28 e y 


Atomic numberZ“ 


The toral number of neutrons in an isotope can be calculated by subtracting 
1ts atomic number from its mass number: 


mass number 
— atomic number 


number of neutrons 


For example, uranium-238 has 238 nucleons. The atomic number of uranium is 
92, which tells us that 92 ofthese 238 nucleons are protons. The remaining 146 
nucleons must be neutrons: 


bo S2 238 proton and neutrons 
U — 92 protons 
92 ——————— 
ProtonsZ 146 neutrons 


Atoms interact with one another clectrically. Therefore, the way any atom 
behaves in the presence of other atoms is determined largely by the charged parti- 
cles it contains, especially its electrons. Ïsotopes oFan element differ only by mass, 
not by electric charge. For this reason, isotopes of an element share many charac- 
teristics——in fact, as chemicals they cannot be distinguished from one another. For 
example, a sugar molecule containing seven neutrons per carbon nucleus is digested 
no differently from a sugar molecule containing six neutrons per carbon nucleus. 
In fact, about Ì percent of the carbon we at is the carbon-13 isotope containing 
seven neutrons per nucleus. The remaining 99 percent of the carbon ¡n our diet is 
the more common carbon-]2 isotope containing six neutrons per nucÏeus. 

The total mass of an atom ¡s called its atomic mass. This is the sum of the 
masses ofalÏ the atoms components (electrons, protons, and neutrons). Because 
electrons are so mụuch Ìess massive than protons and neutrons, their contribu- 
tion to atomic mass Is nepligible. As we explore further in Section 9.2, a special 
unit has been developed for atomic masses. This is the Z/Ø2/£ #2sẽ 277, amu, 
where Ï atomic mass unit ¡s equal to 1.661 x 10” gram, which ¡s slightly less 
than the mass ofa single proton. As shown ¡in Figure 3.21, the atomic masses 
listed In the periodic tabÌe are in atomic mass units. Âs ¡s explored in the Calcu- 
ladon Corner on page 95, the atomic mass of an element as presented ¡n the 
periodic table is actually the average atomic mass Oits various isotopes. 
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FIGURE 3.21 


ẤnStrl€ tidss Helium, He, has an atomic mass 

<Z inatomicmass - of 4.003 atomic mass units, and 

units | neon, Ne, has an atomic mass of 
ị 20.180 atomic mass unIts. 


_,©ONCEER re 


Distinguish between rmmass numnber and atomic rnass. 


Was thỉs your answer? Both terms include the word mmass and so are eas- 
ïly confused. Focus your attention on the second word of each term, how- 
ever, and you'TÌ get it right every time. Mass number is a count of the 
number of nucleons ïn an isotope. An atom's mass nurnber requires no 
units because ït is simply a count. Atormic mass ïs a measure of the total 
mass of an atom, which is given in atomic mass units. lf necessary, atomic 
mass units can be converted to grams using the relationship 1 atomic rmass 


unit = 1.661x10”?* gram. 


CORNEE ` 


#t Most elernents have a variety of isotopes, each with its 
own atomiic mmass. For thỉs reason, the atormmic mmass 
1isted in the periodic table for any gïiven elerment is the 
average of the mnasses of all the element's isotopes 
based on theïr relative abundance. 


bout 99 percent of all carbon atoms, for example, are 

the isotope carbon-12, and mmost of the remaining 

1 percent is the heavier isotope carbon-13. This small 
amount of carbon-13 raises the average mass of carbon 
from 12.ooo atomic mass units to the slightly qreater 
value 12.O11 atomic mass units. 

To arrive at the atomic mass presented in the periodic 
table, you first multiply the mass of each naturalÌy occur- 
Tỉng isotope of an element by the fraction of tsabundance 
and then add up all the fractions. 


EXAMPLE 


Carbon-12 has a mass of 12.oooo atomic mass units and 
makes up 98.89 percent of naturally occurring carbon. 


CALCULATING ATOMIC MASS Ỉ 


Carbon-13 has a mass of 13.OO34 atomic mass units and 
makes up 1.11 percent of naturalÌy occurring carbon. Use 
this information to show that the atomic mmass of carbon 
shown in the periodic table, 12.o11 atornic mass units, is 
correct. 


ANSWER 


Recognize that o8.8o percent and 1.11 percent expressed as 
fractions are o.o889 and o.O111, respectively. 


YOUR TURN 


Chlorine-35 has a mass of 34.97 atomic mass units, and 
chlorine-37 has a mass of 36.os atomic mmass units. 
Determine the atomic mass of chlorine, C] (atomic 
number 17), ïf 75.53 percent of all chlorine atoms is the 
chlorine-3s ïsotope and 24.47 percent is the chlorine-37 
isotope. 


The answers ƒor Calculation Corners appear at the end oƒ each chapter. 
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CHAPTER 3 


DISCOVERING THE ATOM AND SUBATOMIC PARTICLES 


® In Perspective 


ou may recognize that the atomic masses øiven in the periodic tabÌe are the 
relative masses attendees at the 1860 chemistry conference were so avidÏy 
working toward. From the atomic masses, for example, we can easily calculatc 
that neon atoms are 20.18/4.003 = 5.041 times more massive than helium 
atoms. In this and many other regards, the periodic table ¡s the cuÌmination o£ 
the efforts of many rtalented individuals, only some of whom were discussed in 
this chapter. Table 3.2 summarizes all the atomic history we have covered. 

When the initial discoveries about atoms were being made, scientists based 
their conclusions on experimental evidence, and such evidence is always open to 
critical review. Investigators were thus able to look beyond the biases of the past 
to conceive new and more accurate models of nature. 


TABLE 3.2 EARLY PLAYERS IN THE DEVELOPMENT OF MODERN CHEMISTRY 


Date of 

Scientist Discovery Contribution 

Democritus (46o—370 B.c.) Proposed an atomic model for matter 

Aristotle (384-322 g.c.) Proposed that matter is continuous 

Boyle (1627-1691) 1661 ldentified an element as that which cannot be 
broken down to simpler parts 

Franklin (17o6-179o) 1752 Investigated the nature of electricity 

Cavendish (1731-1810) 1766 Discovered hydrogen 

Lavoisier (1743-1794) 1774 Developed the law of mass conservation 

Priestley (1733—18o4) 1774 Discovered oxygen but did not identify ït 

Proust (1754-1826) 1797 Proposed the law of definite proportions 

Dalton (1766-1844) 1803 Developed five postulates describing the 
atomic model of matter 

Gay-Lussac (1778-1850) 1808 Showed that gases react in definite volume 
ratios 

Avogadro (1776-1856) 1811 Explained Gay-Lussac's observations by propos- 
ng that the particles of a gas exist as điatomic 
molecules 

Cannizzaro (1826-1910) 1860 Reintroduced the work of Avogadro as a reliable 
mmeans of mmeasuring relative atomic masses 

Mendeleev (1834—19o7) 1869 Developed a chart—forerunner to our mmodern 
periodic table—that organized the elements by 
properties 

Thomson (18s6—194o) 1897 Measured the charge-to-mass ratio for a beam 
of electrons 

Millikan (i868—1os3) 1909 Calculated the mass of an electron and found ït 
†o be smaller than the mass of the smallest 
known atom 

Rutherford (1871—1937) 1910 Discovered the atomic nucleus 


Chadwick (1891-1974) 1932 Discovered the neutron 


KEY TERMS 


Alchemy A medieval endeavor concerned with turning 
other metals to gold. 


Scientifc law Any scientiic hypothesis that has been 
tested over and over again and has not been 
contradicted. Also known as a scientiRc principle. 


Law of mass conservation A law stating that there is 
no detectable change In the amount of mass present 
before and after a chemical reaction. 


Law of defnite proportions À law stating that 
elements combine in defnite mass ratios to form 
compounds. 


Cathode ray tube A device that emits a beam of 
electrons. 


Electron An extremely small, negatively charged 
subatomic particle found outside the atomic nucleus. 


Atomic nucleus The dense, positively charged center 
Of every atom. 


CHAPTER HIGHLIGHTS 
CHEMISTRY DEVELOPED OUT OF OUR INTEREST 
IN MATERIALS 


1. In what ways was Aristotles erroneous model of mat- 
ter a remarkable achievement? 


2. According to Aristotles model, how is clay converted 
to ceramic? 


3. How did chemistry beneft from alchemy? 
LAVOISIER LAID THE FOUNDATION OF 
MODERN CHEMISTRY 


á. How did Lavoisier deRne an element and a chemical 
compound? 


5. Why did Lavoisiers mass-conservation law escape 
earlier Investigators? 


6. Who named the element oxygen? 

7. What ¡is the meaning of the word jy4zoø¿z? 
DALTON DEDUCED THAT MATTER IS MADE 
OF ATOMS 

8. How did Dalton defne an element? 


9. Which of Daltons fñive postulates accounts for 
Lavoisiers mass-conservation principle? 
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Proton A positively charged subatomic particle of the 
atomic nucleus. 


Atomic number A count ofthe number oŸprotons in 
the atomic nucleus. 


Neutron An clectrically neutral subatomic particle of 
the atomic nucleus. 


Nucleon Any subatomic particle found in the atomic 
nucleus. Another name for either a proton or neutron. 


Isotope Any member ofa set ofatoms of the same 
element whose nuclei contain the same number of 
protons but different numbers of neutrons. 


Mass number The number of nucleons (protons and 
neutrons) in the atomic nucleus. sed primarily to 
identify Isotopes. 


Atomic mass The mass ofan elements atoms Ïisted in 
the periodic table as an Zzzzø£ value based on the 
relative abundance of the elementS isotopes. 


10. According to Dalton, how do the atoms of different 
elements differ from one another? 


11. What was Daltons proposed formula for water? 


12. In what volume ratio do hydrogen gas and oxygen 
gas react to Íorm water? 


13. When was Avogadros hypothesis ñnally accepted 
by the scientiic community? 


14. What observation led Mendeleev to develop his 
early version of the periodic table? 


THE ELECTRON WAS THE FIRST SUBATOMIC 
PARTICLE DISCOVERED 


15. What is a cathode ray? 


16. Why is a cathode ray defected by a nearby electric 
charge or magnet? 


17. What did Thomson discover about the 


electron? 


18. Why couldnt Thomson calculate the mass of the 
electron? 


19. What did Millikan discover abourt the electron? 
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THẺ MASS OF AN ATOM IS CONCENTRATED 
IN ITS NUCLEUS 


20. What did Rutherford discover about the atom? 


21. What was the fate of the vast maJority o£alpha par- 
ticles in Rutherfords gold-foil experiment? 


22. To Rutherford5 surprise, what was the fate ofa tiny 
fraction ofalpha particles in the gold-foil experiment? 


23. What kind of force prevents atoms from squishing 
into one another? 


THE ATOMIC NUCLEUS IS MADE OF PROTONS 
AND NEUTRONS 


24. A proton is how much more massive than an 
electron? 


25. Compare the electric charge on the proton with the 
electric charge on the electron. 


26. What ¡s the deinition ofatomic number? 


27. What role does atomic number play ¡n the periodic 
table? 


28. Name two nucleons. 


29. Distinguish between atomic number and mass 
number. 


30. Distinguish between mass number and atomic 
mass. 


CONCEPT BUILDING @srciwnrr TR (NrrRMrDIATE $ cxprrr 


31.® A cat strolls across your backyard. An hour later, 

a dog with its nose to the ground follows the trail of the 
cat. Explain what is going on from a molecular point of 
VI©W. 


32. ® Ifall the molecules ofa body remained part of 
that body, would the body have any odor? 


33.  Which are older, the atoms in the body ofan 
elderly person or those in the body ofa baby? 


34.  Where did the atoms that make up a newborn 
baby oripinate? 


35. In what sense can you truthfully say that you are 
a part oevery person around you? 


36. ® Considering how small atoms are, what are the 
chances that at least one of the atoms exhaled ín your 
ñrst breath will be in your last breath? 


37. ® Use Aristotles model oŸ matter to explain how a 
puddÌle of water disappears to dryness on a sunny day. 


38. 8 Use Aristotles model of matter to explain how 
a puddÏle of water disappears to dryness on a cloudy 
day. 

39. Use Aristotles model of matter to explain why 
the air over a fame is always moist. 


40. ® Use Aristotles model of matter to explain how 
50.0 mL ofwater and 50.0 mL of£alcohol combine to 
form 98.0 mL of mixture. 


41. ® When a concentrated acid and fresh water, both 
at room temperature, are mixed together, the result ¡s a 


solution that ¡is very hot. Explain why using AristotleS 
model of matter. 


42. Tf pure baking soda ¡s heated to great tempera- 
tures it transforms into a gas plus a lighter but very 
alkaline solid. Does this supgest that baking soda ¡s an 
element or a compound? 


43. From the previous exercise, can you conclude 
that the gas arising from the heated baking soda is an 
element or compound? 


44. @® Which star in the sky outshines all the others? 


45. ® Describe how Lavoisier used the scIentific 
approach (observation, questions, hypothesis, predic- 
tions, tests, theory) in his development of the principle 
Of mass conservation. 


46. 8 Lavoisier heated a piece of tin on a foating block 
ofwood covered by a glass Jar. As the tin decomposed, 
the water level inside the jar rose. How did Lavoisier 
explain this result? 


47. § Lavoisiers and Priestleys experiments with øases 
depicted in Figures 3.5 and 3.6 can be represented as 
shown below. In which direction is LavoisierS experi- 
ment best represented? How about Priestleys? 


48. ® What is wrong with the following depiction ofa 
chemical reacton? 


œ® oo | |9 dạ 
9 ằœ so 


49.® A [riend argues that I mass were really con- 
served, he would never necd to reRill his gas tank. What 
explanation do you offer your friend. 


50.  Steel wool wetted with vinegar ¡s sealed within a 
balloon inflated with air. After several hours, what hap- 
pens to the volume of the balloon? 


51. # Stcel wool wetted with vinegar ¡s stuffed into a 
narrow-mouth round glass bottle. A rubber balloon is 
then sealed over the mouth of the bottle. After several 
hours, the balloon ¡s infated into the bottle in an 
Inverted manner. Explain. 


52.8 A sample ofiron weighs more after it rusts. 


Why? 


53. ® Five containers and ñve lids can combine to pro- 
duce how many covered containers? How about fve 
containers and seven lids? How about seven containers 
and three lids? 


54. ® Nhat is the numeric ratio by which containers 
and líds of the previous exercise combine? 


55. # If cach container of the previous two exercises 
weighs 14 grams and cach lid weiphs 3 grams, how 
many covered containers can be formed by combining 
42 grams of containers with 42 prams of lids? What is 
the combined mass of these covered containers? 


56. ® How did Dalton explain the fact that elements 
combine in whole-number ratios to form chemical 
compounds? 


57. ® How many grams ofwater can be formed from 
the reaction between 10 grams of oxygen and ] gram of 
hydrogen? 


58. According to Proust, why is only 9 grams of 
water formed when 10 grams ofoxygen reacts with 
1 gram ofhydrogen? 


59. $ Substances A and B combine to make sub- 
suance ©. Substances © and B combine to make sub- 
stance D. Place the letter of each substance next to the 
symbol that best describes its atomic or molecular 
StrUCtUT€: 
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60. ® Proust noted that oxygen and hydrogen react In 
an 8:1 ratio, whereas Gay-Lussac nored that they react 
In a 1:2 rato. WWho was right? Defend your answer. 


61. § ˆIwo of the substances in exercise 59 are elements 
and two are compounds. Which are which? 


62. ® The following diagram depicts the reaction 
between gaseous oxygen, ©„, and gaseous hydrogen, H;, 
to form water vapor, H;O. What symbols and how 
many of them should be drawn in the empty box? How 
many grams of water are formed under these condidons? 
How many grams of which chemical remain unreacted? 


=— 2 giams? —grams? 

63. How did Avogadro account for Daltons observa- 
tion that a given volume ofoxygen gas has more mass 
than an equal volume of water vapor? 


64. $ Ifall atoms had the same mass, and 8 grams of 
oxygen suill reacted with 1 gram ofhydrogen, what 
would be the formula for water? 


65. $ The following diagrams depict the reaction 
between gaseous chlorine, CÏ;, and gaseous hydrogen, 
H;, to form gaseous hydrogen chloride, HCI. What 
should be drawn in the empty boxes? Specify the quan- 
tities beneath each box. 
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71 grams 


66. $# Gas A is composed of diatomic molecules (two 
atoms per molecule) ofa pure element. Gas B is com- 
posed oỂ triatomic molecules (three atoms per mole- 
cule) ofanother pure element. A volume of gas B ¡s 
found to be three times more massive than an equal 
volume o£gas A. How does the mass ofan atom o£ gas 
B compare with the mass ofan atom of gas A? 


Three times 
heavier than gas A 


67. # Nitrogen and hydrogen react in a 1:3 ratio by 
volume. Assuming nitrogen and hydrogen are 
monoatomic, how many liters ofammonia, NH;, 
should be formed from the reaction of I L of nitrogen, 


N, with 3 Lofhydrogen, H 


68. # Nitrogen and hydrogen react in a 1:3 ratio by 
volume. Assuming nitrogen and hydrogen are 
điatomic, how many liters ofammonia, NH;, should 
be formed from the reaction of 1 L ofnitrogen, N, 


with 3 Lofhydrogen, H;? 


69. ® How did Avogadro account for the formation of 
two volumes of water from two volumes of hydrogen 
and one volume ofoxygen? 


70. #ˆ Gasoline contains only hydrogen and carbon 
atoms. Yet nitroyen oxide and nitrogen dioxide are pro- 
duced when gasoline burns. Ñhat is the source of the 
nitrogen and oxygen atoms? 


71. A liter of chlorine gas 1s found to have a mass of 
3.165 grams. Ä liter of hydrogen gas under the same 


conditions is found to have a mass of0.0900 gram. 


How mụuch heavier are chÏorine atoms compared to 
hydrogen atoms? 


72. 8 A liter of oxygen gas is found to have a mass of 
1.429 grams. A liter of hydrogen gas under the same 
conditions is found to have a mass of0.0900 gram. 
How much heavier are oxygen atoms compared to 
hydrogen atoms? 


73. ® Max Planck, a famous physicist of the early 
20th century, is quoted as saying, “Ã new scientific 
truth does not triumph by convincing its opponents 
and making them see the light, but rather because its 
opponents eventually die and a new øeneration ørows 
up.” Cite a case where this statement applies to the 
development of modern chemistry. 


74. ® How mighrt Plancks statement apply to politics 
or relipion? 


75. ® Ofall the investigators presented ¡n this chapter, 
who was the youngest at the time of his discovery 
besides Democritus and Aristotle? (See Table 3.2.) 


76. 8 Why is it important for a chemist to know the 
relative masses ofatoms? Ñhy do we refer to relative 
masses rather than absolute masses? 


77. § Ifthe particles ofa cathode ray had a greater 
electric charge, would the ray be bent more or Ìess in a 
magnetic ñeld? 


78. ® If the particles oFa cathode ray had a greater 
mass, would the ray be bent more or Ïess in a magnetic 


ñeld? 


79.® A I-ounce Ping-Pong ball is pushed upwards by 
a fan so that the Ping-Pong ball hovers, neither rising 
nor falling. What is the force of the wind on the Ping- 
Pong balÏ in units of ounces? 


80. ® A 5-ounce magnetic marble is pushed upwards 
by a powerful fan so that the marble hovers, neither ris- 
¡ng nor falling. What ¡s the force of the wind on the 
magnetic marble? 


81. Thousands of magnetic marbles are thrown Iinto 
a vertically oriented wind tunnel. As they are thrown, 
no marbles are free from other marbles. Instead, they 
clump together in groups ofvarying numbers. The 
wind tunnel operator ¡s able to control the upward 
force of the wind so as to make clumps of marbles 
hover. She records the various forces of wind required 
to maintain hovering clumps in units ofounces: 45, 30, 
60, 75, 105, 35, 80, 55, 90, 20, 65. From this data, 
what might be the weight ofa single magnetic marble? 
The single marble is analogous to what within MII- 
likans experiment? What ¡s the force of the wind analo- 
gous to? 


82. ® Why did Rutherford assume that the atomic 


nucleus was positively charged? 


83. hy does the ray of light in a neon sign bend 
when a magnet ¡s held up to it? 


84. ® How does Rutherfords model of the atom 
explain why some of the alpha particles directed at the 
gold foil were deflected straight back toward the source? 


85. @ Which of the following diagrams best represents 
the size ofthe atomic nucleus relative to the size of the 
atom: 


86. ® Iftwo protons and two neutrons are removed 
from the nucleus oFan oxygen-l6 atom, a nucleus of 
which element remains? 


87. ® You could swallow a capsule of germanium, Ge 
(atomic number 32), without iÏÌ effects. IÝa proton 
were added to each germanium nucleus, however, you 
would not want to swallow the capsule. hy? (Consult 
a periodic table of the elements.) 


88. @ lIfan atom has 43 electrons, 56 neutrons, and 
43 protons, what is its approximate atomic mass? Ñhat 
1s the name of this element? 


89. ® The nucleus ofan electrically neutral tron atom 
contains 26 protons. How many electrons does this 
Iron atom have? 


90. ® Evidence for the existence of neutrons did not 
come until many years after the discoveries of the elec- 
tron and the proton. Give a possible explanation. 


¡ SUPPORTING CALCULATIONS 


101. ® Show how only 9 grams of water can be pro- 
duced by the combination of 8 grams ofoxygen and 8 
grams of hydrogen. 


102. 8 How many grams of water can be produced 
from the combination of25 grams of hydrogen and 
225 grams ofoxygen? How much of which element 
will be left over? 


103. # “The isotope lithium-7 has a mass of 7.0160 
atomic mass units, and the isotope lithium-6 has a mass 
o£6.0151 atomic mass units. Given the information 
that 92.58 percenr of all lithium atoms found ¡in nature 


SUPPORTING CALCULATIONS 1OT 


91. Which has more atoms: a l-gram sample of 
carbon-12 or a I-gram sample of carbon-13? Explain. 


92. WVhy arc the atomic masses listed in the periodic 
table not whole numbers? 


93. @ Which contributes more to an atom§ mass: elec- 
trons or protons? W/hích contributes more to an atom 
SIze? 


94. @ Nhat ¡s the approximate mass ofan oxygen 
atom in atomic mass units? hat Is the approximate 
mass of two oxgyen atoms? How about an oxygen 
molecule? 


95. ® WVhat ¡s the approximate mass ofa carbon atom 
in atomic mass units? How about a carbon dioxide 
molecule? 


96. ® WVhat is the approximate mass ofa hydrogen atom 
in atomic mass units? How about a water molecule? 


97.  When we breathe we inhale oxygen, ©„, and 
exhale carbon dioxide, CO›, plus water vapor, H;O. 
Whích likely has more mass, the air that we InhaÌe or 
the same volume of air we exhale? IDoes breathing cause 
you to Ìose or gain weipht? 


98. # A tree takes in carbon dioxide, CO,, and water 
vapor, H;O, from the air while also releasing oxygen, 
O;. Does the tree lose or gain weight throuph the 
process? Explain. 


99. @ IDoes it make sense to say that this textbook Is 
abourt 99.9 percent empty space? 


100. @® “The atoms that compose your body are mostly 
empty space, and structures such as the chaïr youTe sit- 
tỉng on are composed ofatoms that are also mostÌy 
empty space. So why dont you fall through the chair? 
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are lithium-7 and 7.42 percent are lithium-6, show 
how the atomic mass of lithium, Lï (atomic number 3) 


1s 6.94. 


104. & ˆThe element bromine, Br (atomic number 35), 
has two major Isotopes of similar abundance, both 
around 50 percent. The atomic mass ofbromine is 
reported ¡in the periodic table as 79.90 atomic mass 
units. Choose the most likely set of mass numbers for 
these two bromine isotopes: (a) °°Br, #'Br; (b) 'Br, 
89Br: (c) 7”Br, Š!Br. 
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ANSWERS TO 
¡ CALCULATION CORNERS 


FINDING OUT HOW MUCH 
OF A CHEMICAL REACTS 


1. The fact that l4 grams of nitrogen reacts fulÏy 
with 3 grams of hydrogen gives you two conversion 
faCtOrs: 

14 g nitrogen 3 g hydrogen 
3 g hydrogen lá g nitrogen 

se the second conversion factor to convert the 
7.0 grams of nitrogen to grams of hydrogen: 


7.0 g nitrogen x 


3:0 ghydrogen _ 1.5 g hydrogen 
14 g nitrogen 


(See Appendix B for why 3.0 g ¡s used rather than 3 g.) 


2. From the preceding answer, you know that 7.0 grams 
of niưogen reacts with 1.5 grams oFhydrogen to form 
7.0 grams + 1.5 grams = 8.5 grams oFammonia. If6.0 
grams ofhydrogen is mixed with 7.0 grams of nitrogen, 
only 1.5 grams ofthat 6.0 grams reacts, so still only 

8.5 prams ofammonia is formed. A total of6.0 prams — 
1.5 grams = 4.5 grams of hydrogen remains unreacted. 


CALCULATING ATOMIC MASS 


Contributing Contributing 
Massof'C_  Massof "CC 


Fracton of 

Abundance 07552 0.2447 

Mass(amu) x 34.97 x 36.95 
26.41 9.04 


atomic mass = 26.4l + 9.04 = 35.45 


HANDS-ON CHEMISTRY INSIGHTS 


AIR OUT 


As the iron rusts, it absorbs oxyeen molecules from the 
air in the Inverted jar. This allows the water to rise Into 
the jar. How far the water rises is a function of the 
amount of oxygen removed. You can find out how 
much oxygen was removed by rubber-banding a ruler 
to the jar such that the zero mark on the ruler ïs at the 


inital water level inside the Inverted Jar. W hen the 
water stops rising, divide the water height inside the 
Inverted jar by the heighrt of the air that was Initlally 
inside the jar. The fraction you obtain gIves a rouph 
esumate of the percentage ofair removed from the jar, 
which corresponds to the percentage ofoxygen ¡n the 
atmosphere. How close do you come to the accepted 
value of 21 percent? 

You mipht also make a graph plotting the water height 
¡n the Inverted Jar at successive [0-minute intervals. 
WWhy does the graph gradually level off? What effect 


does the volume of the steel wool have on your data? 


COLLECTING BUBBLES 


Dontt restrict yourself to che setup given ¡in this hands- 
on activity. Improvise with available household Items, 
and you may well devise a more successful way of col- 
lecting the carbon dioxide. Consider, for example, 
using either rubber tubing or a drinking straw to con- 
nect the CO; source to the inverted bottle. You can 
shape one end ofthe tubing into a J shape by Inserting 
a straightened paper clip into the tubing and then 
bending the clip until the tubing end remains curved. 
Then sÏïip the curved end into the inverted bottle. 

In thís activity, always be wary of the pressure that 
builds up when baking soda and vinegar are mixed in a 
closed container. 

You can pour the carbon dioxide over the Ñame ofa 
birthday candle. As the carbon dioxide fows out of the 
bottle, ¡t falls onto the candle and extinguishes the 
fame. (Dont tiÌt the bottle too far or some water will 
pour out.) Át times, you may see the motion of the car- 
bon dioxide by the streaming of the smoke from the 
extinguished candle. This ¡s all evidence that carbon 
dioxide ¡s heavier than air. 


BENDING ELECTRONS 


Ifyou can fñnd one, a black-and-white television or 
computer monitor shows this effect most vividly. On a 
color screen, you ÏÏ see color changes in addition to the 
distortions. Most televisions and monitors today are 
equipped with automatic “degaussers” that alleviate dis- 
tortion from the magnets in a nearby audio speaker or 
even from Earths magnetic field. 

Are the distortions you see the same for both ends of 
the magnet? 
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he age of microtechnology was 

ushered ïn some 6o years ago 

with the invention of the solid- 
state transistor. Engineers were quick 
†o grasp the idea ofintegrating many 
transistors together to create logic 
boards that could perform calcula- 
†ions and run programs. The more 
transistors they could squeeze into a 
circuit, the more powerful the logic 
board. The race thus began to 
squeeze more and more transistors 
together into tinier and tinier cỉr- 
cuits. The scales achieved were ïn the 
realm of the micron (to”® meters), 
thus the term microtechnology. Few 
at the time of the transistors inven- 
tion realized the impact that 
mnicrotechnology would have on 
society—from personal computers, 
to cell phones, to the Internet. 

Today, we are at the beginnings of 
a similar revolution. Technological 
advances have recently brought us 
past the realm of microns to the 
reaÌm of the nanometer (1o9 
meters), which is the realm ofinđi- 
vidual atoms and molecules—a 
realm where we have reached the 
basic building blocks of matter. Tech- 
nology that works on thỉs scale is 
called nanotechnology. No one knows 
exactly how nanotechnology wilÌ 
ïmpact society, but people are quickly 
coming to realize †ts vast potential, 
wWhich ïs likely much greater than 
that of microtechnology. 

Nanotechnology generally con- 
cerns the manipulations of objects 
from 1to 1oO nanometers (nm) in 
scale. For perspective, a DNA mole- 
cule ïs about 2.o nm wide, and a 
water molecule is only about o.2 nm. 
Like mïicrotechnology, nanotechnol- 
ogy ïs interdisciplinary, requiring the 
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cooperative efforts of chemists, engi- 
neers, physicists, molecular biolo- 
gïsts, and many others. Interestingly, 
there are already many products on 
the market that contain components 
developed through nanotechnology. 
These include sunscreens, mirrors 
that don't fog, dental bonding 
agents, automotive catalyfic convert- 
ers, staïn-free clothing, water filtra- 
tion systems, the heads for computer 
hard drives, and much more. Nan- 
otechnology, however, ïs sfi]l in ïts 
infancy and ït wïll likely be decades 
before ïts potential is fully realized. 
Consider, for example, that personal 
computers didn't blossom until the 
199Os, some 4o years after the first 
solid-state transistor. Most experts 
agree, however, that the first big ben- 


efits wiÏÏ arise in computer science 
and medicine. For this essay, the spot- 
light is placed on computer science. 
Applications of nanotechnology to 
mnedicine are discussed more fulÌy 

in Chapters 13 and 14, as welÏ as in 

the references given at the end of 
Chapter 3. 

Computer circuits are currently 
made by projecting the ïimage of a 
circuit design onto a photosensitive 
material,which captures the image 
of the circuït mmuch like photographic 
paper captures a photo ïimage (see 
Chapter 11).Upon chemical treat- 
ments, the captured ïimage of the cir- 
cuït can be developed into an actual 
circuit. Io make the circuit super- 
small, the design ïmage is projected 
onto the photosensitive rnaterial 


using size-reducing lenses. Thỉs 
process, known as photolithography, 
works pretty welÏ for creating circuit 
structures down to about soo nm. 
Smaller structures are not practical 
because the light used to project the 
image can no longer be brought into 
focus. These scales are smaller than 
the wavelength of the light ïtself—in 
other words, even the light waves are 
too bia! 

Alternatives to photolithography 
are needed if we are to achieve 
smaller circuits and, hence, more 
powerful cornputers. The obvious 
solution ïs nanotechnology, through 
which circuits may be built atom by 
atom. One of the pioneering tools 
that will allow this to happen is the 
scanning probe microscope. As đis- 
cussed in Chapter 5s, scanning probe 
mmicroscopes are not only able to pro- 
duce images ofindividual atoms, 
they allow the operator to move indi- 
vidual atoms into desired positions. 

But a computer need not reÌy on 
an ïntegrated circuït of nanowires for 
processing power. A wholÌy new 
approach involves designing logic 
boards in which molecules (not elec- 
tric circuits) read, process, and write 
information. One molecule that has 
proved most promising for such 
molecular computation is DNA, the 
same molecule that holds our 
genetic code. An advantage that 
molecular computing has over con- 
ventional computing is that it can 
run arnassive number of calcula- 
tions in parallel (at the same time). 
Because of such fundarmental differ- 
ences, rnolecular computing may one 
day outshine even the fastest of inte- 
grated circuits. Molecular comput- 
ïng,in tumn, may then soon be 
eclipsed by other novel approaches, 
such as quantum or photon comput- 


ïng, also rmaade possible by nano- 
technology. 

The ultimate expert on nanotech- 
nology is nature. Living organisms, 
for exarnple, are complÌex systems of 
interacting biomolecules alÏ func- 
tioning within the realm of nanome- 
ters. In this sense, the living organism 
is nature's nanomachine.We need 
look no further than our own bodies 
to find evidence of the feasibility and 
power of nanotechnology.With 
nature as our teacher we have much 
†o learn. Such knowledge wil]l be par- 
†icularly applicable to medicine. By 
becoming nanotechnology experts 
OurselVes, we would be wel] 
equipped to understand exac† causes 
of nearÌy any disease or disorder 
(aging included) and empowered to 
develop innovative cures. 

What are the limits of nanotech- 
niology? As a society, how will we deal 
with the impending changes nan- 
otechnology may brïng? Consider the 
possibilities. Wall paiïnt that can 
change color or be used to display 
video. Smart dust that the military 
could use to seek out and destroy an 
enemy. Solar cells that capture sun- 
light so efficiently that they render 
fossil fuels obsolete. Robots with so 
mnuch processing power that we begin 
†o wonder whether they experience 
consciousness. Nanomachines that 
can “photocopy” three-dimensional 
objects, including living organisms. 
Medicines that more than double the 
average human life span. Stay tuned 
for an exciting new revolution ïn 
human capabilities. 


How believable would our pres- 
ent technology be to sormeone liv- 
ng 2oo years ago? How 


believable might the technology 
of 2oo years in the future be to us 
right now? 


Was thỉs your answer? Hindsight 
Ïs 2O-2o. lts alWways easy to look 
back over time and see the pro- 
gression of events that led to our 
present state. Much more difficult 
ïtïs to think forward and project 
possible scenarios. Perhaps the 
future technology of 2oo years 
from now ïs just as unbelievable 
†o us as our present technology is 
unbelievable to someone of2oo 
years ago. 


IN THE SPOTLIGHT 
DISCUSSION QUESTIONS 


1. The famous 2oth-century physïcist 
Richard Feynrnan noted that “the 
laws of physics do not limit our abil- 
ïty to manipulate single atoms and 
mnolecules.”What does? 


M 


. A calculator is useful, but certainly 
not exciting.Why would someone 
from 1ooO years ago vehemently đis- 
agree with this statement? We often 
marvel at a new technology, but 
how long does this marveling last? 
How soon before the technology 
becomes assurned? Think of other 
examples. 


. Microtechnology gave rise to billion- 
aires. Might nanotechnology give 
rise to trillionaires? Why or why not? 


_. 


. How might speculations about 
potential dangers of nanotechnol- 
ogy threaten public support for ït? 
Consider Michael Crichton's 2oo2 
science fiction novel Prey,ïn which 
self-replicating nanobots run amok, 
turning everything they contact into 
a gray goo. 


_ 


. To what extent should the govern- 
ment regulate or encourage the 
developmerntt of nanotechnology? 


t1 
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KNOW NUKES 
te 


Nuclear power plants generate electricity in much the same 
way fossil fuel power plants do. Water ¡is heated to create 
steam that can be used to turn electricity-generating tur- 
bines. The fundamental difference between these t†wo types 
of power plants is the fuel used to heat the water. A fossil fuel 
plant burns fossil fuel, such as coal or petroleum, but a 
nuclear plant, such as the one shown in this chapter's open- 
ing photograph, uses the heat created by nuclear fission to 
heat the water. 

The burning of fossil fuel is a chemical reaction, which, as 
you recall from Section 2.1,ïs a reaction that involves changes 
in the way atoms are bonded and results in the formation of 
new materials. For fossil fuels, these new materials are 
mostly carbon dioxide and water vapor. As we explore in 
future chapters, the only thỉĩng that determines the ability of 
atoms to form new materials in a chemical reaction is the 
atoms' ability to share or exchange electrons—the atomic 
nuclei are not directly involved. The chemistry of an atom is 
therefore mmore a function of ïts electrons than ofïts nucleus. 
Nuclear fission, by contrast, involves nuclear reactions, 
which, as show ïn the chapter-opening photograph,involve 
the atomic nucleus. In this sense, the study of the atomic 
nucleus is not a primary focus of chemistry. 

Nuclear processes, hoWever, have certainly impacted soci- 
ety and have raised many ïssues regarding our health,energy 
sources, and national security. At the same time, the atomic 
nucleus ïs one of the most misunderstood areas of science. 
Public fears about anything nuclear are much like the fears 
people had about electricity a century ago. Since that time, 
however, society has deterrmmined that the benefits of electric- 
Tty outweigh the risks. Ioday, we are rmaking similar decisions 
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FIGURE 4.1 


X rays can pass through solid 
materials. The denser a material, 
however, the greater ¡ts ability to 
block X rays. Bones, for example, 
are more effective at blocking 

X rays than ¡s soft tissue. For this 
reason, the region of the plate 
lying below the bone parts of the 
hand are less exposed than are the 
T€Ø1OnS lying below the tissue 
pArts. Âs a result, the shadow of 
bones shows up clearly on the 
plate. 


about the risks and benefits of nuclear technology. In order that we make 
the best possible decisions, everyone should have an adequate under- 
standing of the atomic nucleus and ï†s processes. So, as part of our study 
of the atom,we briefly turn to the atomic nucleus and the related concept 
of radioactivity.We shall then be ready to revisit the nucleus ïn Chapter 19 


when we study energy sources. 


" 4.1 The Cathode Ray Led to the Discovery 
of Radioactivity 


I 1896, the German physicist Wilhelm Roentgen (1845—1923) discovered 
a “new kind of ray” emanating from a point where cathode rays hit the glass 
surface ofa high-volrage cathode ray tube. (Recall from Chapter 3 that a cath- 
ode ray is a beam of electrons.) Unlike cachode rays, these new rays were not 
defected by either an electric ñeld or a magnetic ñeld. Furthermore, they could 
pass through opaque materials. 

Roentgen discovered this latter property when he let the rays fall on a photo- 
graphic plate wrapped ¡in black paper thick enough to keep all visible light from 
falling on the plate. A photographic plate is coated with light-sensitive chemi- 
cals, and when light falls on the chemicals, the plate ¡s said to have been zxøøseZ 
to the lipht. Light is one form o£ radiation, as we shall learn in Chapter 5, and 
Roentgen§ rays are another form of radiaton. Because the rays were abÌe to pass 
through the lightproof paper in which Roentgen5 plate was wrapped, the rays 
exposed the plate, as Figure 4.1 shows. Not able to deduce the nature of these 
rays, Roentgen called them X rays. 

A few months after Roentgen announccd his discovery of X rays, the 
Erench physicist Antoine Henri Becquerel (1852—1908) experimented to see 
If they were emitted by phosphorescent substances—those that glow ¡n the 
dark after being exposed to bripht lipht. One substance that appeared to con- 
ñirm the idea that phosphorescence resulted in X rays was uranium. When 


Xrays 


Photographic film enclosed Exposed and developed 
in lightproof holder photographic film 
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Uranium 


Photographic film enclosed in lightproof paper and 
stored in total darkness 


Developed photographic film 


FIGURE 4.2 


Becquerel noted that a piece of uranium left on a photographic plate wrapped in 
opaque black paper exposed the plate even in the absence of light. From this he 


placed ¡in the sunlight and on top ofa photographic plate wrapped in dark 
PAper, uranium exposed the photographic plate much the way X rays from the 
cathode ray tube did. When cloudy weather forced Becquerel to suspend his 
research, he stored the uranium and a photographic plate together in a closed 
drawer. Several days later on a whim, he thought to develop the plate, and to 
his amazement, he saw something like what is shown in Figure 4.2——the plate 
had been exposed to some sort of rays without sunlight or any other source of 
enerey. The rays must have originated from the uranium! Subsequent experi- 
ments revealed that these rays emanating from the uranium had nothing to do 
with X rays or phosphorescence. 

A couple of years later, one of Becquerels students, Marie Sklodowska Curie 
(1867-1934), shown in Figure 4.3, became keenly interested in this strange 
form of radiation. She showed that the radiation was also emitted by several 
other elements known at the time and suggested that ít should be possible to 
isolate yet undiscovered elements by studying any radiation they might be 
emitting. sing chemical techniques, she and her husband, Pierre Curie 


(a) 


FIGURE 4.3 


Eor therr work on radIioactivity, (a) Becquerel and (b) the Curies shared the 1903 
Nobel Prize in Physics. 
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(1859—1906), laboriously divided an 8-ton piÌle of uranium ore into Íractions, 
keeping those fractions giving ofF hiph levels of radiatlon and discarding the 
rest. The Curies used the term radioactivity to describe the tendency of these 
elements to emit radiation. Ultimately, they succeeded ¡in isolating purifed 
samples of two new radioactive clements. Marie named the frst element 
polozzzzn after her native Poland and the second z7 because 0Ÿ its intense 
radioactivity. 


THE THREE MAJOR PRODUCTS OF RADIOACTIVITY ARE ALPHA, BETA, 
AND GAMMA RAYS 

At about the time the Curies were isolating new radioactive elements, Ernest 
Rutherford discovered that there are at least two major forms of radioactivity, 
which he identifed as alpha rays and beta rays. Alpha rays, he found, consist of 
positively charged particles he called alpha particles. As discussed in Section 3.5, 
these are the particles he used in his discovery of the atomic nucleus. An alpha 
particle ¡sa combination oŸtwo protons and two neutrons (in other words, it is 
the nucleus ofa helium atom, atomic number 2). Beta rays he found to be iden- 
tical to cathode rays. A beta particle, thereforc, ¡s simply another name for an 
electron ejected from a nucleus. Shortly after Rutherford had identiRed alpha 
and beta rays, a third major form of radioactivity, gamma rays, was discovered 
by other investigators. Unlike alpha and beta rays, gamma rays carry no electric 
charge and have no mass. Instead, they are an extremelÌy energetic form of non- 
visible lipht. As is shown ¡in Figure 4.4, the three major types of radiation given 


ƒwu) 


Gamma ray = ultrahigh-energy 
nonvisible light 
(no electric charge) 


g> particle = electron 
—T electric charge) 


Alpha particle = helium nucleus 
(+2 electric charge) 


Lead block 


FIGURE 4.4 


The three most common forms of radiation coming from a radioactive substance are 
called by the first three letters of the Greek alphabet, œ, , —alpha, beta, and 
gamma. Ïn a magnetic field, alpha rays bend one way, beta rays bend the other way, 
and gamma rays do not bend at all. Note that the alpha rays bend less than do the 
beta rays. This happens because the alpha particles have more inertia (because they 
have more mass) than the beta particles. The source ofall three radiations is a 
radioactive material placed at the bottom ofa hole drilled in a lead block. 
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of by radioacuve materials can be separated by putting a magnetic ñeld across 
their paths. 

Alpha particles do not easily penetrate solid material because of their rela- 
tively large size and their double positive charge (+2). Because of their great 
kinetic energies, however, albha particles can cause sipnifiicant damaøsc to the 
surface of a material, especially living tissue. As they travel throuph air, even 
through distances as short as a few centimeters, alpha particles pick up electrons, 
slow down, and become harmless helium. Almost all Earths helium atoms, 
including those in a helium balloon, were once energetic alpha particles ejected 
from radioactive elements. 

Beta particles are normally faster than alpha particles and not as casy tO StOp. 
Eor this reason, they are able to penetrate lipht materials such as paper and 
clothing. They can penetrate fairly deeply into skin, where they have the poten- 
tial for harming or killing cells. They are not able to penetrate deeply into denser 
materials, however, such as aluminum. Beta particles, once stopped, become 
part of the material they are ¡n, like any other electron. 

Like visible light, a gamma ray is pure energy. The amount of energy in a 
gamma ray is much greater than the amounrt of energy ¡n visible light. Because 
they have no mass or electric charge and because of their high energies, gamma 
rays are able to penetrate throuph most materials. However, they cannot pene- 
trate unusually dense materials such as lead, which absorbs them. The delicate 
molecules in body celÏs exposed to gamma rays suffer structural damage. Hence, 
gamma rays are generally more harmful to us than alpha or beta rays. 

Eigure 4.5 shows the relative penetrating power of the three types of radia- 
tion, and Eigure 4.6 shows an interesting practical use for gamma radiation. 


FIGURE 4.6 


'The shelf life of fresh strawberries and other perishables is markcdly incrcased 

when the food ¡s subjected to gamma rays from a radioactive source. The strawber- 
ries on the right were treated with gamma radiation, which kills the microorganisms 
that normally lead to spoilage. The food ¡s onlÌy a receiver of radiation and is in no 
way transformed to an emitter of radiation, as can be confirmed with a radiation 
detector. 


Radioactive 
Source 


Paper 


Aluminum 


FIGURE 4.5 


Alpha particles are the least- 
penetrating form of radiation and 
can be stopped by a sheet of 
paper. Beta particles readily pass 
through paper but not through a 
sheet ofaluminum. Gamma rays 


pe€netrate several centimeters into 
solid lead. 
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'  (cosmicrays,  \ 
Earth minerals) 81% 
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Medicine and 

diagnostics 15% 
Consumer products 
(television sets, 
smoke detectors) 4% 


FIGURE 4.7 


Origins of radiation exposure for 
an averase individual in the 
Dnited States. 
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s The deeper you go below Earths 
surface, the hotter it gets. At a 
mere depth of 3o kilometers the 
temperature is over soc”C. At 
greater depths ït is so hot that 
rock rmnelts into magma, which 
can rise to Earth's surface to 
escape as lava. Superheated sub- 
†erranean water can escape vio- 
lentÌy to form geysers or more 
gently to form a soothing natural 
hot spring. The maïn reason ït 
gets hotter down below is 
because Earth contaïns an abun- 
dance of radioactive isotopes and 
the Earth is heated as it absorbs 
the radiation from these ïso- 
†opes. So, volcanos, geysers, and 
hot springs are all powered by 
radioactivity. Even the drifting of 
continents is a consequence of 
Earth's internal radioactivity.And 
get this: in 1972 ït was discovered 
that Earth also once contained 
nuclear reactors that operated 
much like today's nuclear power 
plants. These natural reactors 
Occurring within uranium 
deposïts went extinct about 
1.7 bïllion years ago, but they con- 
firm that power from atomic 
nuclel is as old as Earth ïtself. 

MORE TO EXPLORE: 
WWw.ocrwmm.doe.gov/factsheets/ 
doeympoo1o.shtml 


THE ATOMIC NUCLEUS 
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Pretend you are given three radioactive rocks——one an alpha emitter,one a 
beta emitter, and one a gamma emitter. You can throw one away, but of the 
remaining two, you must hold one in your hand and place the other ïn your 
pocket. What can you do †o mỉinimize your exposure to radiation? 


Was thïs your answer? Ideally you should get as far from all the rocks as 
possïible. lÝ you must hold one and put one ïn your pocket, however, hold the 
alpha emitter because the skin on your hand will shield you. Put the beta 
emitter in your pocket because ïts rays might be stopped by the combined 
thickness of clothing and skin. Throw away the gamma emitter because ïts 
Tays would penetrate deep ïnto your body from either ofthese places. 


“4.2. Radioactivity Isa Natural Phenormmenon 


common misconception is that radioactivity 1s new in the environment, but 

it has been around far longer than the human race. Ít is as much a part Four 
environmenrt as the sun and the rain. Ít has always occurred in the soil we walk on 
and ïn the air we breathe, and ¡it warms the interior of Earth and makes ¡it molten. 
The energy released by radioactive substances in Earth5 interior heats the water 
that spurts from a geyser and the water that wells up from a natural hot spring. 

As Fipure 4.7 shows, most of the radiation we encounter ¡s natural back- 
ground radiaton that originates in Earth and in space and was present long 
before we humans got here. Even the cleanest air we breathe ¡is somewhat 
radioactive as a result of bombardment by cosmic rays. At sea level, the protec- 
tive blanket of the atmosphere reduces background radiation, but at higher alti- 
tudes radiation ¡is more ¡intense. In Denver, the “Mile-High City,” a person 
receives more than twice as much radiation from cosmic rays as at sea level. A 
couple of round-trip flights between New York and San Erancisco exposes us to 
as much radiation as we receive in a chest X ray at the doctors ofice. The air 
time ofairline personnel ¡s limited because of this extra radiation. 

Cells are able to repair most kinds of molecular damage caused by radiation If 
the damage is not too severe. A celÏ can survive an otherwise lethal dose of radi- 
atlon If the dose ïs spread over a long perlod of time to allow intervals for heal- 
¡ng. When radiation ¡s sufficient to kill cells, the dead cells can be replaced by 
new ones. Sometimes radiation alters the genetic information ofa cell by dam- 
aging Irs DNÑA molecules (see Section 13.5). New cells arising from the dam- 
aged celÏ retain the altered genetic information, which ¡s called a 747/07. 
Usually the effects ofFa mutatlon are insignifRcant, but occasionally the mutation 
results in cells that do not function as welÍ as unaffected ones, sometimes leading 
to a cancer. If the damaged DNA ¡s in an individual5 reproductive cells, the 
genetic code of the individuals offspring may retain the mutation. 


REMS ARE UNITS OF RADIATION 
WWe measure the ability of radiation to cause harm in rems. Lethal doses of radi- 
atlon begin at 500 rems. A person has about a 50 percent chance of surviving a 
dose of this magnitude received over a short period of time. During radiation 
therapy, a patlent may receive localized doses in excess of 200 rems each day for 
a period of weeks (Figure 4.8). 

All the radiation we receive from natural sources and medical procedures is only 
a fraction of 1 rem. For convenience, the smaller unit 7//zz 1s used, where 1 mil- 
lirem (mrem) 1s 1/1000 of a rem. The average person in the United States is 
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exposed to about 360 millirems a year, as Table 4. L indicates. About 80 percent of 
this radiation comes from natural sources, such as cosmic rays (radiation from our 
sun as well as other stars) and the Earth. A typical diagnostic X ray exposes a person 
to between 5 and 30 millirems (0.005 and 0.030 rem), less than 1/10,000 of the 
lethal dose. Interestingly, the human body ïs a significant source of natural radia- 
tion, primarily from the potassium we ingest. Qur bodies contain about 2 kilo- 
ørams ofpotassium. Ofthis quantity, about 20 milligrams is the radioactIve Isotope 
potassium-40, a beta-ray emitter. In a human body, about 60,000 potassium-40 
atoms emit pulses of radioactivity in the time ít takes the heart to beat oncc. 

The leading source of naturally occurring radiation, however, Is radon-222, an 
inert gas arising from uranium deposits. Radon ¡s heavier than air and therefore 
tends to accumulate in basements after it seeps up through cracks in the foor. Ley- 
els ofradon vary from region to region, depending on local geology. You can check 
the radon level in your home with a radon detection kít like the one shown in Figure 
4.9. Iflevels are abnormally high, corrective measures, such as sealing the basement 
foor and walls and maintaining adequate ventilation, are recommended. The U.S. 
Environmental Protection Agency proJects that anywhere from 7000 to 30,000 
cases of lung cancer cach year are attributed to radon exposure. Smokers who inhale 
the radon that occurs naturally in tobacco smoke are at particularly high risk. 


TABLE 4.7 ANNUAL RADIATION EXPOSURE 
Typical Amount 
Received ïn 1Year 
Source (Millirems) 
Natural Origin 
Cosmic rađiation 26 
CGround 33 
Air (radon-222) 198 
Human tissues (potassium-4o; radium-226) 35 
Human Origin 
Medical procedures 
Diagnostic X rays 4O 
Nuclear medicine 15 
Television tubes, other consumer products T1 
Weapons-test fallout 1 


Source: U.S. Nuclear Regulatory Commission 


Nuclear radiation ¡s focused on 
harmful tissue, such as a cancer- 
ous tumor, to selectively kilÍ or 
shrink the tissue in a technique 
known as radiaton therapy. This 
application of nuclear radiation 
has saved millions of [ives——a 
clear-cut example of the benefits 
of nuclear technology. The inset 
shows the international symbol 
indicating an area where radioac- 
tive material is being handled or 
produced. 
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FIGURE 4.9 


A commercially available radon 
test kit for the home. The canis- 
ter is unsealed in the area to be 
sampled. Radon seeping into the 
canister is adsorbed by activated 
carbon within the canister. After 
several days, the canister is 
resealed and sent to a laboratory 
that determines the radon level 
by measuring the amount of 
radiation emitted by the 
adsorbed radon. 
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PERSONAL RADIATION Ĩ 
e all live with rađiation. l† was tion. Recent technologies, however, 
ïn our environment wel] before have increased our exposure. Use the 
the điscovery of the atom and following worksheet to estimate your 
even before the first human civiliza- annual exposure. 
Annual 
Source Exposure 
1. COSTmicrays 
Enter value for altitude of location where you live: _ 30 Imrem 
Sea level = 3o mmrem 
5oo mì (1650 ft) = 35 mrem 
1OOO m (33oo ft) = 4o mrem 
2ooo m (66oo ft) = 6o mrem 
Airline travel: Hours you fly each year x o.6 mrem 3 mrem 
2. Ground Me: 
Enter value for location where you live: 23 Tnrem 
Coastal state = 23 mrem 
Rocky Mountain Plateau = 9o mmrem 
All other U.S.regions = 46 rnrem 
3. Air (radon-222): _198ổ mrem 
4. Food and water: _ 40 mrem 
s. Building materials 
(brick = 7 mrem; wood = 4 mrem; concrete = 8 mrem) 
Your house _—_ 7 Tmrem 
Your place of work _—_ 7 mrem 
6. Medical and dental điagnostics ___ mrem 
XTays = 2O rmmrem per visit 
Gastrointestinal X rays = 2oo mrem per visit 
Dental X rays = 1O mrem per visit 
Radiation therapy (ask your radiologist) 
7. Falloutfrom nuclear weapons testing 1 Tnrem 
8. lfyou live within so miles ofa nuclear power plant, 
add o.oog mrem O.OO9 mmrem 
9. lfyou live within so miles of a coal power plant, 
add o.o3 mrem O.O3 rTnrem 
Grand total 309g rnrem 


Data from the U.S. Environmental Protection Agency and the National Council for Radiation 
Protection. See the web page www.epa.gov/rpdweboo/students/calculate.htm] for a more 
detaïled calculation. 


About one-ffth of our annual exposure to radiation comes from nonnat- 
ural sources, primarily medical procedures. Television sets, fallout from 
nuclear testing, and the coal and nuclear power industries are minor but sig- 
nificant nonnatural sources. [nterestingly, the coal industry far outranks the 
nuclear power Industry as a source of radiation. The ølobal combustion of coal 
annually releases into the atmosphere about 13,000 tons of radioactive tho- 
rium and uranium. Worldwide, the nuclear power Industries generate about 
10,000 tons of radioactive waste each year. Most of this waste 1s contained, 
however, and ¡s øzøz released into the environment. Âs we explore in Chapter 
19, where to bury this contained radioactive waste is a heated ¡ssue yet to be 
resolyed. 
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%® 4.3  Radioactive lsotopes Are Useful as Tracers 
and for Medical Imaging 


adioactive isotopes can be incorporated 
into molecules whose location can then be 
traced by the radiation they emit. hen used in 
this way, radioactive Isotopes are called /zc£zs 
Figure 4.10 shows one use. To check the action 
of£a fertilizer, researchers incorporate radioactive 
isotopes Into the molecules of the fertilizer and 
then apply the fertilizer to plants. The amount 
taken up by the plants can be measured with 
radiation detectors. From such measurements, 
scIentists can tel| farmers how much fertllizer to 
use, because fertilizer uptake is a physical and 
chemical process that ¡is not affected by the 
radioactivity of the materials Involved. 

Tracers are also used in industry. Motor oil manufacturers can quantify the 
lubricating qualities oftheir products by running oiÌ in engines containing small 
but measurable amounts of radioactive isotopes. Ás the engine runs and the pis- 
tons rub against the inner chambers, some of the metal from the engine Invari- 
ably makes its way into the moror oil, and this metal carries with it the 
embedded radioactive isotopes. The better the lubricating qualities of a motor 
oil, the fewer radioactive isotopes it wilÍ contain after running ¡n the engine for 
a given length of time. 

In a technique known as ø2/7e2/ 77g72, tracers are used in medicine for the 
điapnosis of internal disorders. Small amounts of a radioactive material, such as 
sodium iodide, Nal, which contains the radioactive isotope iodine-131, are admin- 
istered to a patlent and traced through the body with a radiation detector. The result, 
shown in Figure 4. l1, is an image that shows how the material is distributed ¡n the 
body. This technique works because the path the tracer material takes is influenced 
only by its physical and chemical properties, not by its radioacuvity. The tracer may 
be introduced alone or along with some other chemical, known as a 772? £07- 
pøzø¿i, that heÌps target the Isotope to a particular type of tissue in the body. 

Table 4.2 lists the uses ofa number of radioactive isotopes. 


Fertilizer with radioactive 
isotope applied to crop 


TABLE 4.2 USES FOR VARIOUS RADIOACTIVE ISOTOPES 


Isotope Usage 
Calcium-47 Useởd in the study of bone formation in mammals 
Californium-2s2 Used to inspect air]ine luggage for explosives 


Used for life-science and drug-metabolism studies to 
ensure safety of potential new drugs 


Hydrogen-3 (tritium) 


lodine-131 Used to điagnose and treat thyroid disorders 


Iridium-192 Used to test integrity of pipeline welds, boilers, and aircraft 
parts 
Thallium-2o1 Used in cardiology and for tumor detection 


Xenon-133 Used ín lung-ventilation and blood-flow studies 


Source: Nuclear Regulatory Council 


Radioactivity detected in plant 


FIGURE 4.10 


Tracking fertilizer uptake with a 
radioactive isotope. 


FIGURE 4.ï1iï 


The thyroid gland, located in the 
neck, absorbs much of the iodine 
that enters the body in food and 
drink. This image of the gland 
was obtained by giving a patient 
the radioactive isotope Iodine- 
131. Such images are useful In 
diapnosing metabolic disorders. 
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CHAPTER 4 


THE ATOMIC NUCLEUS 


® 4.4 Radioactivity Results from an Imbalance of Forces 
†n the Nucleus 


e know that electric charges of like sign repel one another. So how ïs it 

possible that all the positively charged protons of the nucleus can stay 
clumped together? This question led to the discovery ofan attractive force called 
the strong nuclear force, which acts between all nucleons. This force 1s very 
strong but only over extremely short distances (about 10” meter, the diameter 
ofa typical atomic nucleus). Repulsive electrical interactions, on the other hand, 
are relatively long-ranged. Figure 4.12 compares the strength of these two forces 
over distance. For protons that are close together, as in a small atomic nucleus, 
the attractive strong nuclear force easily overcomes the repulsive electric force. 
For protons that are far apart, like those on opposite edges ofa large nucleus, the 
attractive strong nuclear force may be smaller than the repulsive electric force. 

Because the strong nuclear force decreases over distance, a large nucleus is not 
as stable as a smalÏ one, as shown ¡n Figure 4.13. In other words, a large atomic 
nucleus is more susceptible to falling apart and emitting either high-energy par- 
ticles or gamma rays. This process is radioactivity, which, because it Involves the 
decay of the atomic nucleus, is sometimes also called z2⁄7øactze đec4J. 

Neutrons serve as “nuclear cement” holding the atomic nucleus together. Pro- 
tons attract both other protons and neutrons by the strong nuclear force, but they 
also repel other protons by the electric force. Neutrons, on the other hand, have 
no clectric charge and so onÌy attract protons and other neutrons by the strong 
nuclear force. The presence of neutrons therefore adds to the attraction among 
nucleons and helps hold the nucleus together, as illustrated in Figure 4. lá. 

The more protons there are in a nucleus, the more neutrons are needed to 
help balance the repulsive electric forces. For light elements, ¡t is sufficient to 
have about as many neutrons as protons. The most common isotope of carbon, 
carbon-12, for instance, has six protons and six neutrons. For large nuclei, more 
neutrons than protons are required. Remember that the strong nuclear force 
diminishes rapidly with increasing distance between nucleons. Nucleons must 
be practically touching ¡n order for the strong nuclear force to be effective. 
Nucleons on opposite sides ofa large atomic nucleus are not as attracted to one 
another. The electric force, however, does not diminish by much across the 


Strong nuclear force Electric force Strong nuclearforce  Electric force 
(attractive) (repulsive) (attractive) (repulsive) 
Insignificant  Signi Significant Insignificant  Significant | |Insignificant  Significant 


ificant| |Insignificant 
SE VI. NI 


(a) (b) 


FIGURE 4.12 


(a) Two protons near cach other experience both an attractive strong nuclear force 
and a repulsive electric force. At this tiny separation distance, the strong nuclear Íorce 
overcomes the electric force, and as a result the protons stay close together. (b) hen 
the two protons are relatively far from each other, the electric force is more signiiicant 
than the strong nuclear force, and as a result the protons repulse cach other. Ït ¡s this 
Proton—proton repulsion in large atomic nuclei that causes radioactivity. 
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| 
(a) Nucleons close together (b) Nucleons far apart | 
| 


FIGURE 4.13 


(a) All nucleons in a small atomic nucleus are close to one another; hence, they expe- 
rience an attractive strong nuclear force. (b) Nucleons on opposite sides ofa laree 
nucleus are not as close to one another, and so the attractive strong nuclear forces 
holding them together are much weaker. The result is that the large nucleus ïs Ïess 
stable. 


diameter of a large nucleus and so begins to win out over the strong nuclear 
force. To compensate for the weakening of the strong nuclear force across the 
diameter of the nucleus, largee nuclei have more neutrons than protons. Lead, for 
example, has about one-and-a-half times as many neutrons as DrOtOns. 


Two protons ïn an atomic nucleus repel each other, but they are also 
attracted to each other. Explaïin. 


Was thỉs your answer? Two protons in a nucleus repel each other by the 
electric force, true, but they also attract each other by the strong nuclear 
force. Both forces act simultaneously. So long as the attractive strong nuclear 
force is more influential than the repulsive electric force, the protons remain 
together. Under conditions where the electric force overcomes the strong 
nuclear force, the protons fly apart. 


All nucleons,both protons and Only protons repel one another 
neutrons, attract one another by by the electric force. | 
the strong nuclear force. | 


FIGURE 4.14 


The presence of neutrons helps hold the atomic nucleus together by increasing the 
effect of the attractive strong nuclear force, represenred by the single-headed arrows. 
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(a) A neutron near a proton Is 
stable, but a neutron by itself 

1s unstable and decays to a pro- 
ton by emitting an electron. 

(b) Destabilized by an increase 

¡n the number of protons, the 
nucleus begins to shed fragments, 
such as alpha particles. 


New proton formed AIpha particle emitted 
from neutron 


Electron (beta 
© particle) ejected 
from neutron 


Neutrons are stabilizing, and large nuclei require an abundance of them. 
Neutrons, however, are not always successful in keeping a nucleus intact, for 
two reasons. First, neutrons are not stable when they are by themselves. A lone 
neutron wilÏ spontaneously transform to a proton and an electron, as shown 
in Figure 4.15a. A neutron seems to need protons around to keep this from 
happening. After the size ofa nucleus reaches a certain point, there are so 
many more neutrons than protons that there are not enough protons in the 
mix to prevent the neutrons from turning into protons. Âs neutrons in a 
nucleus change to protons, the stability of the nucleus decreases because the 
repulsive electric force becomes more and more signiiicant. The result is that 
pieces of the nucleus frayment away ¡n the form of radiation, as Figure 4.15b 
shows. 

The second reason the stabilizing effect of neutrons is limited is that any pro- 
ton in the nucleus is attracted by the strong nuclear force only to adjacent pro- 
tons but ¡s electrically repelled by all other protons In the nucleus. As more and 
more protons are squeezed ¡nto the nucleus, the rebulsive electric Íorces increase 
substantially. For example, cach of the two protons in a helium nucleus feels the 
repulsive effect of the other. Each proton ¡n a nucleus containing 84 protons, 
however, feels the repulsive effects of 83 protons! The attractive nuclear force 
exerted by cach neutron, however, extends only to its immediate neighbors. The 
size of the atomic nucleus is therefore limited. This in turn limits the number of 
possible elements in the periodic table. It is for this reason that all nuclei having 
more than 83 protons are radioactive. Also, the nuclei of the heaviest elements 
produced in the laboratory are so unstable (radioactive) that they exist for onÌy 
fractions oFa second. 


Which ïs more sensitive to distance: the strong nuclear force or the electric 
force? 


Was thỉs your answer? The strong nuclear force weakens rapidly over rela- 
†ively short distances, but the electric force remains powerful over such 
distances. 


Small nuclei also have the potential for being radioactive. This generally 
occurs when a nucleus contains more neutrons than protons. The nucleus of 
carbon-14, for example, contains eight neutrons but only six protons. With not 
enouph protons to go around, one of the neutrons inevitably transforms to a 
proton, releasing an electron (beta radiatlon) ¡n the process. 
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® 4.5 ARadioactive Element Can Transmute 
to a Different Element 


hen a radioactive nucleus emits an alpha or beta particle, the identity 

of the nucleus ¡is changed because there is a change in atomic number. 

The changing of one element to another is called transmutation. Consider a 

uranium-238 nucleus, which contains 92 protons and 146 neutrons. hen an 

alpha particle ¡s eJjected, the nucleus [oses 2 protons and 2 neutrons. Because 

an element ¡s deñned by the number of protons in its nucleus, the 90 protons 

and 144 neutrons left behind are no longer identifed as being uranium. hat 
we have now 1s a nucleus ofa different element—thorium. 
Thịs transmutation can be written as a nuclear equation: 


Kê ====® âm + 2He 


This equation shows that “jŸU transmures to the two elements written to the 
right of the arrow. When this transmutation happens, energy 1s released, 
partly in the form of gamma radiation and partly ¡in the form oÊ kinetic 
energy in the alpha particle (He) and the thorium atom. In this and all other 
nuclear equations, the mass numbers balance (238 = 234 + 4) and the atomic 
numbers also balance (92 = 90 + 2). 

Thorium-234 ¡s also radioactive. When it decays, it emits a beta particle. 
Recall that a beta particle is an electron emitted by a neutron as the neutron 
transforms to a proton. So with thorium, which has 90 protons, beta emission 
leaves the nucleus with one fewer neutron and one more proton. The new 
nucleus has 91 protons and ¡s no longer thorium; now it is the element protac- 
timum. Although the atomic number has increased by I in this process, the 
mass number (protons + neutrons) remains the same. The nuclear equation is 


+ ` 
'@ 
+ Tế 
143 qg 
“9g Th ———> SiPa + le 


WWe write an electron as _†e. The superscript 0 indicates that the clectrons mass 
is Insignificant relative to that of protons and neutrons. The subscript —1 is the 
electric charee of the electron. 
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GURE 4.16 


Uranium-238 decays to lead-206 
through a series ofalpha (blue) 
and beta (red) decays. 


238 


234 


230 


226 


222 


Atomic mass 


218 


214 


210 


Atomic number 


So we see that when an element ejects an alpha particle from ¡ts nucleus, the 
mass number of the remaining atom ¡is decreased by 4 and its atomic number is 
decreased by 2. The resulting atom is an atom of the element two spaces back in 
the periodic table because this atom has two fewer protons. hen an element 
ejects a beta particle from its nucleus, the mass of the atom is practically unaf- 
fected, meaning there ¡is no change in mass number, but its atomic number 
increases by 1. The resulting atom is an atom of the element one place forward 
¡n the periodic table because it has one more proton. 

The decay of ?jŸU to 2§ŠPb, an isotope of lead, is shown in Figure 4.16. 
Each blue arrow shows an alpha decay, and cach red arrow shows a beta decay. 


" 
1. Complete the nuclear reactions (a) 3i Ra —> }?+ °eand 
(b) 3@Po —› *SÉPb + )ì. 
2.. What finally becomes of all the uranium that undergoes radioactive 
decay? 


Were these your ariswers? 

1. (a) §2Ra — #ŠAt+ %e; and (b)3§Po —› *3§Pb + 4He. 

2. Alluranium ultimately becomes lead. On the way, ït exists as the ele- 
ments shown ïn Figure 4.16. 


* 4.6 The Shorter the Half-Life, the Greater 
the Radioactivity 


he rate of decay of a radioactive isotope is measured in terms o£a charac- 


teristic time called the half-life. This ¡s the time ït takes for ha|f of the 
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material in a radioactive sample to decay. For example, Flgure 4.L7 shows that 
radium-226 has a halfFlife of 1620 years. This means that half oFa sample of 
radium has decaycd to other elements by the end o£ 1620 years. In the next 1620 
years, half of the remaining radium decays, leaving only one-fourth the original 
amouIt. 

HalF-lives are remarkably constant and not affected by external conditions. 
Some radioactive isotopes have half-lives that are less than a millionth ofa sec- 
ond, while others have half-lives of more than a billion years. For example, ura- 
nium-238 has a half-life of 4.5 billion years, which means that ¡n 4.5 billion 
years, half the uranium in Earth today will be lead. 

Ït is not necessary to wait through the duration ofa half-lIfe in order to meas- 
ure ít. The halflife oFan element can be accurately estimated by measuring the 
rate of decay ofa known quantity of the element. This is easily done using a 
radiation detector. In general, the shorter the half-life oFa substance, the faster it 
disinteerates and the more radioactivity per minute is detected. Figure 4.18 
shows a Geiger counter being used by environmental workers. 


1. lfyou have a sample ofa radioactive isotope that has a half-life of one 
day, how much of the original sample is left at the end of the second day? 
The third day? 

2. What becomes of the atoms of the sample that decay? 

3. With equal quantities of material,which gives a higher counting rate on 
a radiation detector, radioactive material that has a short half-life or 
radioactive material that has a long half-life? 


_Á Geiger counter detects Incoming radiation by the way the radiation affects a gas 
-_ enclosed in the tube that the technician ¡s holding in hịs right hand. 


Sample of 
radium-226 


Sample mass (kg) 


1620 3240 4860 
Years 


- 1620 years, meaning that every 
1620 years the amount ofradium 
decreases by halfas the radium 
transmutes to other elements. 
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CHAPTER 4 


ou can simulate radioactive 
decay with a bunch of paper clips 
representing atoms of a radioac- 


tive element. The “atoms” are thrown 
onto a flat surface. The ones that land 
ïn a certain orientation are imagined 
to have decayed and so are now 
atoms of a different elemert. 
Decayed atoms are removed from the 
pile and not used for successive 
throws. Thỉs process is continued 
until all the atoms have decayed. 


WHAT YOU NEED 


At least 2o metal paper clips, paper, 
pencil 


PROCEDURE 


Unfold the two loops of each clip 
by go degrees so that the ]oops 
are at right angles to each other. 
Pull the end of the larger loop out- 
ward by go degrees to form a 
structure that looks like the draw- 
ïng at right. 

The orientation drawn on the 
top we' TI call the leg-up orienta- 
tion. Rotate the upward-pointing 
“leg”oo degrees, and you'Tl have 
the orientation drawn on the bot- 
†om, which we'T]l call the head-up 
orientation. You wïill be investigat- 
ing the half-life of two pretend 
elements. The first, “legonium,” 
decays when it lands in the leg-up 
orientation. The second, “heado- 
nium,” decays when ït lands in the 
head-up orientation. 


You'Tl do two simulations, one for 
legonium and one for headonium, 


THE ATOMIC NUCLEUS 


Were these your answers? 


lD 


©®› k9 


RADIOACTIVE PAPER CLIPS 


calculate an average. ta sÓ 
of Atoms 
.. Repeat the procedure, now pre- Throw Remaining 
tending the paper clips are heado- 
nïum atoms. The paper clips 0 20 
rermoved will be the ones that falÌ 1 =——= 
in the head-up orientation. ») 


At the end oftwo days,one-fourth of the original sample is left—one-half 
disappears by the end of the first day, and one-half of that one-half 
(Zx/Z= Z4) disappears by the end of the second day. At the end of three 
days, one-eighth of the original sample is left. 


. The atoms that decay are now atoms of a different elemertt. 
. The material with the shorter half-life is rnore active and so gives a higher 


counting rate. 


and each simulation wïllinvolve 
five trials. For each trial, create a 
data table consisting of two 
colummns, the first labeled “Throw” 
and the second labeled “Number 
of Atoms Remaining.” In the row 
numbered zero, write the number 
of paper clips you start with (at 
least 2o) in the colurmn labeled 
“Number of Atoms Remaining.” 


Leg—_ 


Pretending each paper clip is a 
legonium atom, toss all of them 
onto a flat surface. Remove all the 
atoms ïn the leg-up orientation 
and write down the nurmber 
remaining ïn the row nurnbered 1 
of the data table, for trial 1. Con- 
tinue until all the legonium atoms 
have been removed. This completes 
one trial, and so you need to run 
four more because there will be a 
lot of statistical variation. Courrt 
the number of throws required to 
remove all atoms in each trial and 


Leg up 


Head 
bŠ 
) so up 


LEGONIUM TRIAL 1 


Compare the legonium trials 
with the headonium trials. Half- 
life is given ïn units of time, but 
for this simulation the units are 
đifferent.What are they? Estimate 
the half-life of legonium and 
headonium. Which element is 
more radioactive? 

lfyou were an atom ïn a sample 
of a radioactive element that has a 


half-life of s mminutes, would you 
necessarily be decayed to another 
type of atom after s minutes? 


4.7 ISOTOPIC DATING MEASURES THE AGE OF A MATERIAL 


5® 4.7 lsotopic Dating Measures the Age of a Material 


arths atmosphere is continuously bombarded by cosmic rays, and this 
bombardment causes many atoms in the upper atmosphere to transmute. 
These transmutations resuÏt in many protons and neutrons being “spraycd out” 
Into the environment. Most of the protons are stoppcd as they collide with the 
atoms oŸ the upper atmosphere. By stripping electrons from these atoms, the 
colliding protons become hydrogen atoms. The neutrons, however, keep going 
for longer distances because they have no electric charge and therefore do not 
Interact electrically with matter. Eventually, many of them collide with atomic 
nuclei in the lower atmosphere. A nitrogen that captures a neutron, for instance, 
becomes an Iisotope of carbon by emitting a proton: 


2:85 — -#2 + @ 


HD c SN ——— 2C + 1H 


Thịis carbon-14 isotope, which makes up less than one-millionth of 1 percent 
of the carbon ¡n the atmosphere, is radioactive and has eipht neutrons. (The 
most common isotope, carbon-12, has six neutrons and is not radioactive.) 
Because both carbon-12 and carbon-14 are forms of carbon, they have the same 
chemical properties. Both of these isotopes, for example, form carbon dioxide, 
which ¡is taken ¡in by plants. This means that all plants contain a tiny bít of 
radioactive carbon-Iá. All animals eat either plants or plant-eating animals, and 
therefore all animals have a little carbon-14 in them. In short, all living things on 
Earth contain some carbon- l4. 

Carbon-l4 is a beta emitter and decays back to nitrogen: 


s@ r@ 

m 1© 
8 cÈ 7t 
vía =— Tp 


Because plants take In carbon dioxide as long as they live, any carbon-l4 lost to 
decay is immediately replenished with fresh carbon-14 from the atmosphere. In 
this way, a radioactive equilibrium ¡s reached where there is a constant ratio of 
about 1 carbon-l4 atom to every 100 billion carbon-12 atoms. ÑWhen a plant 
dies, replenishment of carbon-l4 stops. Then the percentage of carbon-l4 
decreases at a constant rate øiven by its halfFlife, but the amount oÊ carbon-12 
does not change because this isotope does not undergo radioactive decay. The 
longer a plant or other organism ¡s dead, therefore, the less carbon- l4 it contains 
relative to the constant amount o£carbon-l2. 
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22,920 years ago 


17,190 years ago 


11,460 years ago 5730 years ago Present 


The amount of radioactive car- 
bon-14 in the skeleton dimin- 
ishes by one-halfevery 5730 
years, with the result that today 
the skeleton contains only a 
fraction of the carbon-lá it orig- 
inally had. The red arrows sym- 
bolize relative amounts of 
carbon-l1á. 


Bi— ` 


s In 1996, along the Columbia River 
in Kennewick,Washington,two 
college students discovered skele- 
tal remains that were shown to 
be about 92oo to 96oo years old. 
Cf particular interest were the 
strong caucasian features of the 
skull. This điscovery challenges 
the assumption that the original 
settlers of North America were 
from Asia. Scientific studies of the 
“Kennewick Man,”however,Were 
delayed for nearÌy a decade due to 
legal battles. Visit the website 
]isted below to learn of the latest 
developments. 

MORE TO EXPLORE: 
Www.kennewick-man.comm 


The hal£life of carbon-14 is about 5730 years. This means that haÏf of the 
carbon-l4 atoms now present in a pÏant or animal that dies today will decay in 
the next 5730 years. Half of the remaining carbon-14 atoms will then decay in 
the following 5730 years, and so on. 

With this knowledge, scientists are able to calculate the age of carbon- 
conraining artifacts, such as wooden tools or the skeleton shown in Figure 4. 19, 
by measuring therr current level of radioactivity. This process, known as carbon- 
14 dating, enables us to probe as much as 50,000 years into the past. Beyond 
this time span, there ¡s too little carbon-l4 remaining to permit an accurate 
analysis. (Understanding the local geology is another important tool used by 
archeologists in the dating ofancient relics.) 

Carbon- 14 dating would be an extremely simple and accurate dating method 
1ƒ the amount of radioactive carbon ¡n the atmosphere had been constant over 
the ages, but it hasnt been. Fluctuations in the magnetic field of the sun and in 
that of the Earth cause fuctuations in cosmic-ray intensity in Earths atmos- 
phere. These ups and downs in cosmic-ray intensity in turn produce fluctua- 
tions in the amount of carbon-I4 in the atmosphere at any given time. In 
addition, changes in Earths climate affect the amount of carbon dioxide in the 
atmosphere. As we explore in Chapter 18, the oceans are øreat reservOirs Of car- 
bon dioxide. When the oceans are cold, they release less carbon dioxide into the 
atmosphere than when they are warm. Because of all these Ñuctuations in the 
carbon-l4 production rate through the centuries, carbon-I4 datng has an 
uncertainty of about 15 percent. This means, for example, that the straw ofan 
old adobe brick dated to be 500 years old may really be only 425 years old on 
the low side or 575 years old on the hiph side. For many purposes, this ¡s an 
acceptable level of uncertainty. 


cK 


Suppose an archeologist extracts 1.o g of carbon from an ancient ax handle 
and finds that carbon to be one-fourth as radioactive as 1.o g of carbon 
extracted from a freshly cut tree branch. About how old is the ax handle? 


Was this your answer? The age of the ax handle is equal to two half-lives of 
'4C; that's 2 x 5730 y€ars ~ 11,OOO years old. 


Scientists use radioactive minerals to date very old nonliving things. The natu- 
rally occurring mineral isotopes uranium-238 and uranium-235 decay very slowly 
and ultimately become lead——but not the common isotope lead-208. Instead, as 
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was shown in Eigure 14.16, uranium-238 decays to lead-206. Uranium-235, on 
the other hand, decays to lead-207. Thus the lead-206 and lead-207 that now exIst 
in a uranium-bearing rock were at one time uranium. The older the rock, the 
hipher the percentage of these remnant Isotopes. 

Ifyou know the halflives of uranium isotopes and the percentage oflead iso- 
topes in some uranium-bearing rock, you can calculate the date the rock was 
formed. Rocks dated ¡n this way have been found to be as much as 3.7 2/2 
years old. Samples from the moon have been dated at 4.2 billion years, which is 
close to the estimatcd age of our solar system: 4.6 billion ycars. 


® 4.8. Nuclear Fission Is the Splitting 
of the Atomic Nucleus 


n 1938, two German scientists, Otto Hahn (1879—1968) and Fritz Strass- 

mann (1902-1980), made a discovery that was to change the world. While 
bombarding a sample of uranium with neutrons in the hopes ofcreating heavier 
elements, they were astonished to fñind chemical evidence for the production of 
barium, an element having about half the mass of uranium. Hahn wrote of this 
news to his former colleague Lise Meitner (1878—1968), who had fled from Nazi 
Germany to Sweden because of her Jewish ancestry. From Hahn$ evidence, 
Meitner concluded that the uranium nucleus, activated by neutron bombard- 
ment, had split in hal£ Soon thereafter, Meitner, working with her nephew ©tto 
Frisch (1904-1979), published a paper in which the term 7eÍ24z ƒ59/øø Was 
coincd. 

In the nucleus there exist both the attractive strong nuclear forces between 
nucleons and repulsive electric forces between protons. In all known nuclei, the 
song nuclear forces dominate. Äs was discussed in Section 4.4, in many large 
nuclei this domination ¡s easily lost and radioactive decay may occur. For a select 
number of laree nuclei, however, another possibility exists. For example, a ura- 
nium-235 nucleus hit with a neutron elongates as shown ¡in Eigure 4.21. In a 
nucleus stretched into this elongated shape, the strong nuclear force weakens 
substantially because of the Increased distance between opposite ends. The 
repulsive electric forces between protons remain powerful, however, and these 
forces may clongate the nucleus even more. If the elongation passes a certain 
point, the electric forces overwhelm the distance-sensitive strong nuclear Íorces 
and the nucleus splits into /Øøzeøziø. Typically, there are two large frayments 
accompanied by several smaller ones. This splitting oFa nucleus into fragments 
is nuclear ñssion. 


Neutron li 


Collision 


The greater force is @) Critical deformation @®) The greater force is the 
the strong nuclear OCCUFS. electric force, which results 
force. in a splitting of the nucleus. 


cất 


FIGURE 4.20 


- Carbon-14 dating was developed 


by the American chemist W/illiam 
E Libby (1908-1980) at the Ủni- 
versity of Chicago ¡n the 19505. 
Eor this work he received the 
Nobel Prize in Chemistry in 1960. 


_FIGURE 4.21 


Nuclear deformation may result 
¡n repulsive electric ÍOorces over- 
coming attractive strong nuclear 
forces, in which case fission 
OCCUFS. 
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Pì 

s With the rise of the German 
Nazis in the 19305, many scien- 
†ists, especially those of Jewish 
ancestry, fled mainland Europe to 
America. This included dozens of 
brilliant theoretical physicists 
who eventually played key roles 
ïn the development of nuclear 
fission. Ofthese physicists, ït was 
Leo Szilard (18o8—1g64) who ïn 
1933 first envisioned the idea ofa 
chaïn nuclear reaction.With Ein- 
steins consent, Szilard drafted a 
letter,which was signed by Ein- 
stein and delivered to President 
Roosevelt in 1939. Thỉs letter out- 
lined the possibility of the chain 
reaction and its implications for 
national defense. Within 6 years 
the first test nuclear bomb was 
exploded on a desert ïn New 
Mexico. In 1945, Szilard generated 
a petition in which 68 of the sci- 
entists involved in the nuclear 
program asked President Truman 
not to drop the atomic bomb on a 
populous Japanese city, such as 
Nagasaki. Held back by the mili- 
tary, this petition never reached 
the president. 

MORE TO EXPLORE: 
www.jewishvirtuallibrary.org/ 
jsource/biography/Szilard.html 


_FIGURE 4.22 


A chain reaction. 
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The energy released by the Íission of one uranium-235 nucleus ¡is enor- 
mous—about seven million times the energy released by the explosion of one 
TNT molecule. This energy 1s mainly in the form of kinetic energy of the fis- 
sion Íragments, which fy apart from one another. A much smaller amount of 
energy is released as gamma radiation. 

Here ¡s the equatlon for a typical uranium ñssion reaction: 


ð , 


———> về 


92@ 
+ 
143 qỀ 


1 235 
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+ !2Ba + 3(0n) 


+3 


91 
——=—= Kr 


Note in this reaction that one neutron starts the fssion of the uranium 
nucleus and that the fssion produces 3 neutrons. (It is also possible for a given 
Ñssion event to produce either fewer than 3 neutrons or more than 3.) These 
product neutrons can cause the fissioning of 3 other uranium atoms, releasing 
9 more neutrons. If each of these 9 neutrons succeeds ¡n splitting a uranium 
atom, the next step ¡n the reaction produces 27 neutrons, and so on. Such a 
sequencce, ilÏustrated in Figure 4.22, ¡s called a chaïn reaction——a selÍ-sustain- 
ing reaction in which the products of one reaction event stimulate further 
r€action evenrs. 

Chain reactions do not occur to any great extent in naturalÏy occurring ura- 
nium ore because not alÏ uranium atoms fÑssion so easily. Fission occurs mainly 
in the isotope uranium-235, which ¡s rare and makes up only 0.7 percent of the 
uranium in pure uranium metal (Figure 4.23). When the more abundant iso- 
tope uranium-238 absorbs neutrons created by ñssion ofa uranium-235 atom, 
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ẤỲ Fission fragment 
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Neutrons escape small 
lump of uranium-235 


Neutrons trigger more reactions 
within large lump of uranium-235 


FIGURE 4.24 
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This exaggerated view shows that 
a chain reaction in a small piece of 
pure uranium-235 runs Its course 
before it can cause a largee explo- 
sion because neutrons leak from 
the surface too soon. The surface 
area of the small piece ¡s large rela- 
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FIGURE 4.23 


Only 1 partin 140 of naturally 
OCCurring uranium Is uranium- 


222: 


tive to the mass. Ín a larger piece, 
more uranium and Ïess surface are 
presented to the neutrons. 


the uranium-238 typically does not undergo fission. So any chain reaction øet- 
ting set up in the uranium-235 atoms in an ore sample is snuffed out by the 
neutron-absorbing uranium-238, as well as by other neutron-absorbing ele- 
ments in the rock in which the ore ¡s imbedded. 

Ifa chain reaction occurred in a baseball-sized chunk of pure uranium-235, an 
enormous explosion would result. If the chain reaction were started in a smaller 
chunk of pure uranium-235, however, no explosion would occur. Thịs is because 
of geometry: the ratio of surface area to mass is larger in a small piece than in a 
large pIece. Just as there ¡s more skin on six smalÏ potatoes having a com- 
bined mass of 1 kilogram than there is on a sinele 1-kilogram potato, there 
is more surface area on a bunch ofsmaller pieces of uranium-235 than on Eoieneciieaboira 
a large piece. Ïn a small piece of uranium-235, therefore, neutrons have a  piece down barrel to collide 
greater chance ofreaching the surface and escaping before they cause addi- with other subcritical piece 
tional ñssion events, as Figure 4.24 illustrates. In a bigger picce, the chain 
reaction builds up to enormous energies before the neutrons øet to the sur- _ L4. ERNEDNEE 
face and escape. For masses greater than a certain amount, called the Ằ 
critical mass, an explosion ofenormous magnitude takes placc. 

Consider a large quantity of uranium-235 divided into two pieces, 
cach having a mass smaller than critical. The units are s⁄z2cz7//ez/ Neu- 
trons In either pIece readily reach the surface and escape before a sizable 
chain reaction builds up. If the pieces are suddenly pushed together, 
however, the total surface area decreases. [f the timing 1s right and the combined 
mass Is greater than critical, a violent explosion takes place. This is what happens 
in a nuclear fission bomb, as Figure 4.25 shows. 


Radioactive 
neutron source 


Subcritical pieces of uranium 


FIGURE 4.25 


Simplified diagram ofa uranium 
ñssion bomb. 
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= One ton of natural uranium can 
produce more than 4o million 
kilowatt-hours of electricity. Thïs 
is equivalent to burnïng 16,ooo 
tons of coal or 8o,ooo barrels of 
oïl. There are currentÏy 1O3 Oper- 
ating U.S.nuclear power plants 
that produce over 2o percent of 
U.S. electricity.Worldwide, there 
are about 442 nuclear poWer 
plants that supply about 23 per- 
cent of the worlds electricity. 
About go percent of all carbon 
emissions averted by U.S.ïndus- 
tries from 1981 to 1994 was on 
account of the use of electricity 
from nuclear power plants.World 
uranium production in 1996 was 
35,1oo metric tons, or 78.8 million 
pounds. 

MORE TO EXPLORE: 

U.S. Office of Nuclear Energy, 
Science and Technology 
WWw.nuclear.gov 
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Constructing a ñssion bomb is a formidable task. The difficulty ïs in separat- 
¡ng enough uranium-235 from the more abundant uranium-238. Scientists 
took morc than 2 years to extract enoueh of the 235 isotope from uranium ore 
to make the bomb detonated at Hiroshima, Japan, in 1945. To this day, ura- 
nium Isotope separation remains a difficult process. 


A 1-kïlogram bal] of uranium-235 has critical mass, but the same balÏ broken 
up ïnto small chunks does not. Explain. 


Was this your answer? The small chunks have more combined surface area 
than the ball from which they came. Neutrons escape via the surface of each 
small chunk before a sustained chaïin reaction can build up. 


NUCLEAR FISSION REACTORS CONVERT NUCLEAR ENERGY 

TO ELECTRICAL ENERGY 

The awesome energy of nuclear ñssion was introduced to the world in the form 
of nuclear bombs, and this violent image still colors our thinking about nuclear 
power, making ¡t difiicult for many people to recognIze ¡ts potential usefulness. 
Currently, about 20 percent ofelectrical energy in the United States is generated 
by 7clear ƒss7ø7+ reacfors, which are simply nuclear boilers, as Figure 4.26 shows. 
Like fossil fuel furnaces, reactors do nothing more elegant than boil water to 
produce steam for a turbine. The greatest practical difference ¡s the amount of 
fuel involved: a mere I kilogram of uranium fuel yields more energy than 
30 freightcar loads of coal. 

A fission reactor contains three components: nuclear fuel rods, control rods, 
and a liquid (usually water) to transfer the heat created by fission from the reac- 
tor to the turbine. The nuclcar fuel is primarily uranium-238 plus about 3 per- 
cent uranium-235. Because the uranium-235 atoms are so highly diluted with 


Boiling water Power lines 


Reactor 


Control 
rods 


Fuel 
rods 


Production of heat Production of electricity 


FTIGURE 4.26 


Diagram o£a nuclear ñssion power plant. Note that the water in contact with the 
fuel rods is completely contained and radioactive materials are not involved directly 
in the generation ofelectricity. The details of the production of electricity are cov- 
ered in Chapter 19. 
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uranium-238 atoms, an explosion like that oŸa nuclear bomb is not possible. 
The reaction rate, which depends on the number of neutrons available to initi- 
ate fission of uranium-235 nuclei, is controlled by rods inserted into the reactor. 
The control rods are made oŸa neutron-absorbing material, such as cadmium 
or boron. 

WWater surrounding the nuclear fuel is kept under high pressure to keep it at a 
hiph temperature without boiling. Heated by Íission, this water transfers heat to 
a second, Ïower-pressure water system, which operates a turbine and an electric 
Øenerator. ÏWwo separate water systems are used so that no radioactivity reaches 
the turbine, and the entire setup resides inside a building like the one shown in 
EFigure 4.27, designed to keep any radioactive material from ever being released 
Into the environment. 

One disadvantage of fission power is the øeneration of waste products that are 
radioactive. Smaller atomic nuclei are most stable when composed of equal 
numbers of protons and neutrons, as we learned earlier, and it is mainly heavy 
nuclei that need more neutrons than protons for stability. For example, there are 
143 neutrons but only 92 protons in uranium-235. When this uranium ñssions 
into two medium-sized elements, the extra neutrons in their nuclei make them 
unstable. These fragments are therefore radioactive. Most of them have very 
short half-lives, but some of them have half-lives of thousands of years. Safely 
disposing of these waste products as welÏ as materials made radioactive in the 
production of nuclear fuels requires special storage casks and procedures. 
Although fission power goes back nearly a halfcentury, the technology of 
radioactive waste disposal is still in the developmental stage. You can read fur- 
ther details on the subJect in Section 19.3. 


THE BREEDER REACTOR BREEDS ITS OWN FUEL 


One of the fascinating features of fission power ¡is the Ózez7zg of ñssion fuel 
from nonfissionable uranium-238. Breeding occurs when smalÏ amounts of ñs- 
sionable isotopes are mixed with uranium-238 in a reactor. Fission liberates 
neutrons that convert the relatively abundant nonfissionable uranium-238 to 
uranium-239, which beta-decays to neptunium-239, which in turn beta-decays 
to ñssionable plutonium-239. So in addition to the abundant energy produced, 
Ñssion fuel is bred from relatively abundant uranium-238 ¡in the process. 

Breeding occurs to some extent in alÏ fission reactors, but a reactor specifically 
desiened to breed more fssionable fuel than is put into it is called a ÖzeeZ£z reac- 
zør. Using a breeder reactor is like fillïng your cars gas tank with water, adding 
some øasoline, then driving the car and having more gasoline after the trip than 
at the beginning! The basic principle of the breeder reactor is very attractive, for 
after a few years of operatlon a breeder-reactor power plant can produce vast 
amounts of power while at the same time breeding twice the amount of fuel it 
started with. 

The downside of breeder reactors is their enormous complexity. The United 
States gave up on breeders more than a decade ago, and only France and Ger- 
many are suill investing in them. Officials in these countries point out that sup- 
ples of naturally occurring uranium-235 are limited. At present rates of 
consumption, alÏ natural sources ofuranium-235 may be depleted within a cen- 
tury. IÝ countries then decide to turn to breeder reactors, they may well ñnd 
themselves digging up the radioactive wastes they once buried. 

The benefits of fission power are plentiful electricity, conservation of many 
billions of tons of fossil fuels annually, and the climination of the megatons of 
sulfur oxides and other poisons put into the air cach year by the burning of fos- 
sil fuels. The drawbacks are the formation of massive quantities of radioactive 
wastes that require long-term safe storage. 
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IRE 4.27 


A nuclear reactor is housed within 
a dome-shaped containment 
building designed to prevent the 
release of radioactive Isotopes in 
the event ofan accident. 


fm 


= The designs for nuclear power 
plants have progressed over the 
years. The earliest designs from 
the 1o5os through 198os are the 
Generation I and II reactors. The 
safety systems of these reactors 
are “active”in that they rely on a 
series of active mmeasures, such as 
water pumps, that come into play 
to keep the reactor core cool in the 
event of an accident. The Cenera- 
tion lII reactors built in the 199os 
also rely on active safety measures 
but they are more economiical to 
build,operate,and maintaïn. Not 
yet operational are the revolution- 
ary Generation IV nuclear reactors 
that will have fundamentally dif- 
ferent reactor designs. For exam- 
ple, they wiÏÌ incorporate passive 
safety measures that cause the 
reactor to shut down by ïtselfin 
the event of an emergency. The 
fuel source rmmay be the depleted 
uranium stockpiled from earlier- 
generation reactors. The designs 
will also allow the formation of 
hydrogen fuel from water. The 
Generation IV International 
Forum aiïms to have Generation IV 
power plants operating within 
the next 2O years. 

MORE TO EXPLORE: 

U.S. Office of Nuclear Energy, 
Science and Technology 
WWW.gen-ïiv.ne.doe.gov 
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FIGURE 4.28 


Much work is required to pulÏ a 
nucleon from an atomic nucleus. 


FIGURE 4.29 


Thịis graph shows that the aver- 
age mass ofa nucleon depends 
on which nucleus ít ¡s in. Indi- 
vidual nucleons have the most 
mass in the lightest nuclei, the 
least mass in iron, and intermedi- 
ate mass in the heaviest nuclei. 


* x.o_ Nuclear Energy Comes from Nuclear Mass 
and Vice Versa 


n the early 1900s, Albert Einstein (1879—1955) discovered that mass ¡s 
actually “congealed” energy. He realized that mass and energy are two sides 
of the same coin, as stated in his celebrated equation #'= #£”. In this equation, 
Estands for the energy that any mass at rest has, 7 stands for mass, and ¡is the 
speed of light. This relationship between energy and mass is the key to under- 
sanding why and how energy ¡is released in nuclear reactlons. Âny time a 
nucleus fissions to two smaller nuclei, the combined mass ofall nucleons in the 
smaller nuclei is less than the combined mass of all nucleons in the original 
nucleus. The mass “missing” after the fission event has been converted to energy 
and given off to the surroundings. Letš see how. 

From physics we know that energy ¡is the capacity to do work (Sectlon 1.5) 
and that work ¡is equal to the product of force times distance: 


work = force X distance 


Think of the enormous external force required to pulÏ a nucleon out of the 
nucleus through a distance sufficient to overcome the attractive strong nuclear 
force, comically represented ¡n Figure 4.28. As per the word equation for work 
just given, enormous ƒØz£ exerted through a Z7s/27 means that enormous 
work is required. This work ¡s energy that has been added to the nucleon. 

According to Einsteins equation, this newly acquired energy reveals itself as an 
increase in the nucleons mass—the mass ofa nucleon outside a nucleus is greater 
than the mass of the same nucleon locked inside a nucleus. For example, a carbon- 
12 atom—the nucleus of which is made up ofsix protons and six neutrons—has a 
mass of exactly 12.00000 atomic mass units. Therefore, cach proton and cach 
neutron contributes a mass of Ï atomic mass unit. However, outside the nucleus, a 
proton has a mass of 1.00728 atomic mass units and a neutron has a mass of 
1.00867 atomic mass units. Thus we see that the combined mass of six Íree pro- 
tons and six free neutrons—(6 x 1.00728) + (6 x 1.00867) = 12.09570—is 
greater than the mass of one carbon-I2 nucleus. The greater mass reflects the 
energy that was required to pull the nucleons apart from one another. Thus, what 
mass a nucleon has depends on where the nucleon is. 

The graph shown in Figure 4.29 results when we pÏot averaøe mass Ø7 7cl20w 
for the elements hydrogen through uranium. This graph ¡s the key to under- 


Mass per nucleon —> 


H Fe U 
Atomic number ——> 
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standing the cnergy released in nuclear processes. lo obtain the average mass per 
nucleon, you divide the total mass ofa nucleus by the number of nucleons in the 
nucleus. (Similarly, if you divide the total mass of a roomful of people by the 
number of people in the room, you get the averaøe mass per person.) 

From Eigure 4.29 you can see how energy ¡s released when a uranium 
nucleus splits into two nuclei of lower atomic number. Uranium, being at the 
right of the graph, has a relatively large amount of mass per nucleon. When a 
uranium nucleus splits, however, smaller nuclei of lower atomic numbers are 
formed. As shown ¡in Figure 4.30, these nuclei are lower on the graph than ura- 
nium, which means they have a smaller amount of mass per nucleon. Thus, 
nucleons lose mass as they go from being in a uranium nucleus to being ¡n the 
nucleus ofone ofits fragmenrs. All the mass lost by the nucleons as they change 
from being nucleons of uranium to being nucleons of atoms such as barium 
and krypton is converted to energy, and this energy is what we harness and use 
as “nuclear power.” If you wanted to calculate exactly how much energy Is 
released in each fÑssion event, youd use Einsteins equation: muluply the 
decrease in mass by the speed of light squared (e” ¡n the equation), and the 
product ¡s the amount of energy yielded by each uranium nucleus as it under- 
goes fission. 

Interestinely, Einsteins mass/energy relationship applies to chemical reactions 
as welÏ as to nuclear reactions. For nuclear reactions, the energies involved are so 
great that the change in mass is measureable, corresponding to about I part in 
1000. In chemical reactions, the energy involved is so small that the change in 
mass, about I part in 1,000,000,000, ¡s not readily detected. This ¡s why the 
mass-conservation law (Section 3.2) states that there is no Ze/£c/zð/e change in 
the total mass of materials as they chemically react to form new materials. In 
truth, there are changes in the mass ofatoms during a chemical reaction. These 
changes are too smalÏ to be ofany concern to the working chemist, however. 


ĐN€EPhEcK 


Correct this statement: When a heavy element undergoes fission, there are 
fewer nucleons after the reaction than before. 


Was thỉs your answer? When a heavy elerment undergoes fission, there 
aren't fewer nucleons after the reaction. Instead, there's less mass in the 
same number of nucleons. 


| Nucleon in uranium nucleus 
ẻ has more mass 

9 Nucleon in nucleus of uranium @ 

= fragment has less mass \ 

= S 

œ 

= Nucleus of barium, #8 

z a fission fragment 


@ 


Uranium-235 
nucleus 


Nucleus of krypton, 
a fission fragment 


Kr Ba U 
Atomic number——> 


FIGURE 4.30 


"The mass of each nucleon in a 
uranium nucleus 1s greater than 
the mass ofeach nucleon in any 
one ofits fission frayments. This 
lost mass has been converted to 
energy, which ¡s why nuclear fñs- 
sion Is an energy-releasing 
DPTOC€SS. 
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FIGURE 4.31 


"The mass of each nucleon in a 
hydrogen-2 nucÏeus is greater 

than the mass ofeach nucleon in 

a helium-4 nucleus, which results 
from the fusion oftwo hydrogen-2 
nuclei. This lost mass has been 
converted to enerey, which is why 
nuclear fusion Is an energy-releas- 
11g DrOC€SS. 


ÑWc can think of the mass-per-nucleon graph shown In Figure 4.29 as an 
energy valley that starts at hydrogen (the hiphest point) and sÏopes steeply to the 
lowest point (iron), then slopes gradually up to uranium. lron ¡s at the bottom 
of the energy valley and is therefore the mosr stable nucleus. Ït is also the most 
tighdy bound nucleus; more energy per nucleon is required to separate nuclc- 
ons from an iron nucleus than from any other nucleus. 


® 4.1o Nuclear Fusion Is the Combining of Atomic Nuclei 


s mentioned earlier, a drawback to nuclear ñssion ¡is the production of 
radioactive waste products. A more promisine long-range source of nuclear 
energy ¡s to be found with the lightest elements. In a nutshell, energy is produced 
as small nuclei ýse (which means they combine). This process ¡is nuclear 
fusion—the opposite of nuclear fñssion. ÑWe see from Figure 4.29 that, as we 
movwe along the elements from hydrogen to iron (the steepest part of the energy 
valley), the average mass per nucleon decreases. Thus if two smalÏ nuclei were to 
fuse, such as two nuclei of hydrogen-2, the mass of the fused nucleus, helium-4, 
would be less than the mass of the two hydrogen-2 nuclei, as Figure 4.31 shows. 
As with fssion, the mass lost by the nucleons is converted to energy we can use. 
Ifa fusion reaction ïs to occur, the nuclei must be traveling at extremely high 
speeds when they collide in order to overcome their mutual electrical repulsion. 
The required speeds correspond to the extremely high temperatures found deep 
in the sun and in other stars. Fusion brought about by hiph temperatures is 
called thermonuclear fusion. In the high temperatures of the sun, approxi- 
mately 657 million tons of hydrogen ¡s fused to 653 million tons ofhelium ¿2e? 
secøzz.. The 4 million tons of nucleon mass lost is discharged as radiant energy. 


cK 
To get energy from the element iron, should iron be fissioned or fused? 


Was thỉs your answer? Neither, because iron is at the very bottom of the 
energy-valley curve of Figure 4.29. lf you fuse two iron nuclei, the product 
lies somewhere to the right of iron on the curve, which means the product 
has a higher mnass per nucleon. lÝ you split an iron nucleus, the products lie 


_——=Y  hasmoremass 


vò Nucleon in hydrogen-2 nucleus 


Nucleon in helium-4 nucleus 


$ _—_—=Y  ha:kssmass 
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†o the left of iron on the curve, which again means a higheTr mnass per 
nucleon. Because no rnass decrease occurs ïn eïther reaction, no mass is 
available to be converted to energy, and as a result no energy is released. 


Prior to the development of the atomic bommb, the temperatures required to 
initiate nuclear fusion on Earth were unattainable. Ñhen researchers found that 
the temperature inside an exploding atomic bomb ïs four to five times the tem- 
perature at the center of the sun, the thermonuclear bomb was but a step away. 
Thịs first thermonuclear bomb, a hydrogen bomb, was detonated ¡in 1952. 
XWhereas the critical mass of ñssionable material limits the size ofa fñssion bomb 
(atomic bomb), no such limit is imposed on a fusion bomb (thermonuclear or 
hydrogen bomb). Just as there ¡s no limit to the size of an oil-storage depot, 
there is no theoretical limit to the size ofa fusion bomb. Like the oil in the stor- 
age depot, any amount of fusion fuel can be stored with safety until ignited. 
Although a mere match can ignite an oil depot, nothing less energetic than an 
atomic bomb can ignite a thermonuclear bomb. Ñe can see that there ¡s no such 
thing as a “baby” hydrogen bomb. A typical thermonuclear bomb stockpiled by 
the United States today, for example, is about 1000 times more destructive than 
the atomic bomb detonated over Hiroshima at the end of World Ñwar II. 

The hydrogen bomb is another example ofa discovery used for destructive 
rather than constructive purposes. The potential constructive possibility ¡s the 
controlled release of vast amounts o£clean energy. 


THE HOLY GRAIL OF NUCLEAR RESEARCH TODAY 
IS CONTROLLED FUSION 
Carrying out fusion reactions under controlled conditions requires temperatures 
of millions of degrees. As you can imagine, this poses many technical difficul- 
ties, especially when ït comes to the large-scale production of energy. For exam- 
ple, one major problem is that any reaction vessel being used would melt and 
vaporize long before these temperatures were reached. 

One proposed technique is to aim an array of laser beams at a common point 
and drop solid pellets of hydrogen isotopes throueh the synchronous crossfire, as 
Eigure 4.32 shows. The energy of the multiple beams should crush the pellets to 


(a) (b) 


FIGURE 4.32 


(a) Fusion with multiple laser beams. Pellets of hydrogen isotopes are rhythmically 
dropped into a synchronized laser crossire in this planned device. The resulting heat 
1s carried offby molten lithium to produce steam. (b) The pellet chamber at 
Lawrence Livermore Laboratory. The laser source is Nova, the most powerful laser 
in the world, which directs ten beams into the target region. 


Pì 

5 The International Thermonuclear 
Experimertal Reactor ([TER) is an 
experimerntal nuclear fusion 
poWer project whose purpose is 
to test the feasibility of usỉng 
nuclear fusion as a sustainable 
energy source. After construction 
at the chosen site ïn Cadarache, 
France, the first fusion reaction 
may begin as earÌy as 2015. The 
reactor wïill house electrically 
charged hydrogen gas (plasma) 
heated to over 1oo million°C, 
which ïs hotter than the center of 
the sun. In addition to producing 
about soo MW (megawatts) of 
power, the reactor could be the 
energy source for the creation of 
hydrogen, H,, which could be used 
†o power fuel cells, sụch as those 
incorporated ïnto automobiles. 
MORE TO EXPLORE: 
WWW.Iter.org/ 
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densities 20 times that oflead. Such a fusion could produce several hundred times 
more energy than the amount delivered by the laser beams. Like the succession of 
fuel/air explosions in an automobile engineS cyÏinders that convert to a smooth 
fow of mechanical power, the successive ignition o£ pellets in a laser fusion device 
may similarly producce a steady stream ofelectric power. Á plant equipped with the 
device could produce 1000 million watts ofelectric power, enough to supply a city 
of 600,000 people. High-power lasers that work reliably, however, have yet to be 
developed. Also under development are techniques that use magnetic fields to con- 
Ñne fusing materials. Examples are presented in Secton 19.3. 


Fission and fusion are opposite processes, yet each releases energy. Isn”t this 
contradictory? 


Was thỉs your answer? No, no, nol As Figure 4.29 shows, only the fusion of 
light elements and the fission of heavy elements result ïn a decrease ïn 
nucleon mass and therefore a release of energy. 


# In Perspective 


| f people are one day to dart about the universe the way we jet about Earth 
today, their supply o£ fuel is assured. The fuel for fusion—hydrogen—is 
found ¡n every part of the universe, not only in the stars but also in the space 
between them. About 91 percent of the atoms in the universe are estimated to 
be hydrogen. For people of the future, the supply of raw materials is aÌso assured 
because all the elements known to exist result from the fusing of more and more 
hydrogen nuclei. Simply put, Ifyou fuse 8 hydrogen-2 nuclei, you have oxygen; 
26, you have iron; and so forth. Future humans mipht synthesize their own ele- 
menrs and produce energy in the process, just as the stars have always done. 


| KEY TERMS 
ị 


Radioacdvity The tendency o£some elements, such as 
uranium, to emit radiation as a result of changes in the 
atomic nucleus. 


Alpha particle A helium atom nucleus, which consists 
Ooftwo neutrons and two protons and is ejected by 
certain radioactive elements. 


Beta particle An electron ejected from an atomic 
nucleus during the radioactive decay ofcertain nuclei. 


Gamma ray Hliph-energy radiation emitted by the 
nuclei of radioactive atoms. 


Rem A unit for measuring the ability of radiation to 
harm living tissue. 


Strong nuclear force The force ofinteraction between 
all nucleons, effective only at extremely close distances. 


Transmutation The conversion ofan atomic nucleus 
ofone element to an atomic nucleus ofanother element 
throuph a loss or gain of protons. 


CHAPTER HIGHLIGHTS 


THE CATHODE RAY LED TO THE DISCOVERY 
OF RADIOACTIVITY 


1. What did Wilhelm Roentgen discover in 18962 

2. Who coined the term z⁄72Zc/77? 

3. Which has the greatest penetrating power——alpha 
particles, beta particles, or gamma rays? 
RADIOACTIVITY IS A NATURAL PHENOMENON 


4. What ¡s the origin of most of the radiation you 
€encounter? 


5. Is radioactivity on Earth something relatively new? 
Defend your answer. 


6. What is a rem? 

RÄADIOACTiIVE ISOTOPES ÄRE USEFUL 

AŠS TRACERS AND FOR AAEDICAL IAAGING 
7. What is a radioactive tracer? 


8. How are radioactive Isotopes used in medical imaging? 
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Half-life The time required for half the atoms in a 


sample ofa radioactive Isotope to decay. 


Carbon-l14 dating “The process of estimating the age 
ofonce-living material by measuring the amount ofa 
radIioactive Isotope of carbon present in the material. 


Nuclear ñssion “The splitting oFa heavy nucleus into 
two liehter nuclei, accompanied by the release of much 
€nergy. 


Chain reaction A self-sustaining reaction in which the 
Products ofone fssion event stimulate further events. 


Critical mass The minimum mass of fssionable 
material needed to sustain a chain reaction. 


Nuclear fusion The joining together of light nuclei to 
form a heavier nucleus, accompanied by the release of 
much energy. 


Thermonuclear fusion Nuclear fusion produced by 
hiph temperature. 


RADIOACTIVITY RESULTS FROM AN IMABALANCE 
OF FORCES IN THẺ NUCLEUS 


9. How are the strong nuclear force and the electric 
force different from cach other? 


10. What role do neutrons play ¡in the atomic nucleus? 
11. Wlhy ¡is there a limit to the number of neutrons a 
nucleus can contain? 

A RADIOACTiIVE ELEMENT CAN TRANSMUTE 

TỔ A DĐIFFERENT ELEMENT 


12. What change in atomic number occurs when a 
nucleus emits an alpha particle? A beta particle? 


13. What ¡s the long-range fate of all the uranium that 
exIsts In the world today? 

THE SHORTER THỂ HAILF-LIFE, TH GREATER 
THE RADIOACTIVITY 


14. What is meant by the half-life ofa radioactive 
sample? 
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15. What ¡s the half-life of radium-2262? 

16. How does the decay rate of an Isotope relate to Its 
half-life? 

ISOTOPIC DATING MEASURES TH AGE 

OF A MATERIAL 

17. Which is radioactive, carbon-12 or carbon-14? 


18. Why is there more carbon-lá in living bones than 
in once-living ancient bones of the same mass? 


19. Why is carbon-l4 dating useless for dating old 


coins but not old pieces of cloth? 

20. ÑWhy ¡s lead found in all deposits of uranium ores? 
21. What does the proportion of lead and uranium in 
rock tell us about the age of the rock? 

NUCLEAR FISSION IS THE SPLITTING 

OF THẺ ATOMIC NUCLEUS 


22. Why does a chain reaction not occur In uranium 
mines? 


23. Is a chain reacton more likely to occur In two sepa- 
rate pieces of uranium-235 or in the same pieces stuck 
together? 


24. How is a nuclear reactor similar to the furnace in a 
fossil fuel power plant? How ¡s it different? 


NUCLEAR ENERGY COMES FROM NUCLEAR 
MASS AND VICE VERSA 


25. How does the mass per nucleon ¡n uranium com- 
pare with the mass per nucleon ¡n the fñssion frayments 
ofuranium? 


26. Ifan iron nucleus split in two, would its ñssion 
fragments haye more mass per nucleon or less mass per 
nucleon? 


27. Ifa pair ofiron nuclei were fused, would the prod- 
uct nucleus have more mass per nucleon or Ïess mass 
per nucleon? 


NUCLEAR FUSION IS THE COMBINING 
OF ATOMIC NUCLEI 


28. When two hydrogen isotopes are fused, ¡s the mass 
of the product nucleus more or less than the total mass 
of the hydrogen nuclei? 


29. From where does the sun øet ¡ts enerey? 


30. How do the products of fusion reactions differ 
from the products of fission reactions? 
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31.® In the 19th century, the famous physicist Lord 
Kelvin estimated the age of Earth to be much much less 
than its present estimate. What information did Kelvin 
not have that accounts for his error? 


32.® How did Henri Becquerel determine that phos- 
phorescence was not responsible for the emission of 
radiation by uranium? 


33. 8# \Why is a sample of radioactive material always a 
litle warmer than its surroundings? 


34. 8 Is ¡it possible for a hydrogen nucleus to emit an 
alpha particle? Defend your answcr. 


35. #8 Just after an alpha particle leaves the nucleus, 
would you expect it to speed up? Defend your answer. 


36. ® Hlow do the electric charges ofalpha particles, 
beta particles, and gamma rays differ from one another? 


37. & Why are alpha particles and beta particles 
deflected in opposite directions in a magnetic ñeld? 
WWhy are gamma rays undeflected? 


38. ® The alpha particle has twice the electric charee 
of the beta particle but deflects Ïess in a magnetic ñeld. 
hy? 


39. ® Which type of radiation—alpha, beta, or 
gamma——results in the greatest change in mass num- 
ber? The greatest change In atomic number? 


40. ® Which type of radiation——alpha, beta, or 
gamma——results in the least change in mass number? 
The least change in atomic number? 


4I1.® A pair of protons in an atomic nucleus repel 
cach other, but they are also attracted to each other. 
Explain. 


42.® Why do different isotopes of the same element 
have the same chemical properties? 


43. ® Ifan atom has 104 electrons, 157 neutrons, and 
104 protons, what is its approximate atomic mass? 
Nhat ¡s the name of this element? 


44. 8 WNWhich is worse: having cells in your body dam- 
aged by radiation or killed by radiation? 


45. ® Which type of radiation—alpha, beta, or 
gamma——predominates on the inside ofa hiph-lying 
commercial airplane? Why? 


46. In bombarding atomic nuclei with proton “bul- 
lets,” why must the protons be given large amounts o£ 


kinetic energy in order to make contact with the target 
nucle1? 


47, $ WWhy would you expect alpha particles to be Ïess 


able to penetrate materials than beta particles? 


48. ® What evidence supports the hypothesis that, at 
short intranuclear distances, the strong nuclear force is 
stronger than the electric force? 


49. 8 'The isotope cesium-137, which has a halElife of 
30 years, is a product of nuclear power plants. How 
long will it take this isotope to decay to one-sixteenth 
1ts original amount? 


50. @ When the isotope bismuth-213 emits an alpha 
particle, what new element results? hat new element 
results 11t Instead emits a beta particle? 


51. @ When ?4§Ra decays by emitting an alpha parti- 
cle, what is the atomic number of the resulting nucleus? 
WWhat is the resulting atomic mass? 

52. @® What are the atomic number and atomic mass of 
the element formed when “‡ŸPo emits a beta particle? 


Nhat are they ¡f the polonium emits an alpha particle? 


53. @ How is ít possible for an element to decay “for- 
ward ¡n the periodic table”—that is, decay to an ele- 
ment of higher atomic number? 


54. 8 Elements above uranium in the periodic table do 
not exist in any appreciable amounts in nature because 
they have short halfFlives. Yet there are several elements 
below uranium in the table that have equally short halfˆ 
lives but do exist in appreciable amounts In nature. 
How can you account for this? 


55. ® Your friend says that the helium used to inflate 
balloons is a product of radioactive decay. Another 
friend says no way. With whom do you agree? 


56. ® Another friend, fretful about living near a ñssion 
power plant, wishes to get away from radiation by trav- 
eling to the high mountains and sleeping out at night 
on granite outcroppings. hat comment do you have 
about this? 


57. ® Still another friend has journeyed to the moun- 
tain foothills to escape the effects of radioactivity aÏto- 
gether. While bathing in the warmth ofa natural hot 

spring she wonders aloud how the spring gets its heat. 


Nhat do you tell her? 


58.  People who work around radioactivity wear ñÌm 
badges to monitor the amount of radiation that reaches 
their bodies. Each badge consists ofFa smalÏ piece of 
photographic ñÌm enclosed ¡n a lightproof wrapper. 
Nhat kind ofradiation do these devices monitor, and 
how can they determine the amount o£ radiation the 
people receive? 


59. 8 Coal contains onÌy minute quantities oŸ radioac- 
tive materials, and yet there is more environmental 
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radiation surrounding a coal-ired power plant than a 
fñssion power plant. Ñhat does this indicate about the 
shielding that typically surrounds these two types of 
plants? 


60. ® A friend checks the local background radiation 
with a Geiger counter, which ticks audibly. Another 
friend, who normally fears most that which is under- 
stood least, makes an effort to keep away from the 
region of the Geiger counter and looks to you for 
advice. What do you say? 


61. $ When food ¡s irradiated with gamma rays from a 
cobalt-60 source, does the food become radioactive? 
Defend your answer. 


62. ® How is carbon-l4 produced in the atmosphere? 


63. # Radium-226 ¡sa common isotope on Earth, but 
has a half-life ofabout 1600 years. Given that Earth ¡s 
some 5 billion years old, why is there any radium at all? 


64. # Is carbon dating advisable for measuring the age 
of materials a few years old? How about a few thousand 
years old? A few million years old? 


65. 6 hy ¡is carbon-l4 dating not accurate for esti- 


mating the agøe of materials more than 50,000 years 
old? 


66. 6 ˆIhe age of the Dead Sea Scrolls was determined 
by carbon-14 dating. Could this technique have 
worked ¡f they had been carved on stone tablets? 
Explain. 


67. ® A certain radioactive element has a hal£life of 
1 hour. lfyou start with a 1-gram sample of the ele- 
ment at noon, how much 1s left at 3:00 P.M.? Át 

6:00 P.M.? At 10:00 P.M.? 


68.  A sample ofa particular radioisotope ¡s placed 
near a Geiger counter, which is observed to register 
160 counts per minute. Eight hours later, the detector 


counts at a rate of 10 counts per minute. \/hat ¡s the 
half-life of the material? 


69. # The isotope cesium-137, which has a halfˆlife of 
30 ycars, Is a product of nuclear power plants. How 
long will it take for this isotope to decay to about one- 
sixteenth its original amount? 


70. # Suppose that you measure the intensity of radia- 
tion from carbon- l4 in an ancient piece oÊ wood to be 
6 percent of what it would be in a freshly cụt pIece of 
wood. How old ïs this artifact? 


71. 8 From Figure 4.16, how many alpha and beta 
particles are emitted ¡n the series of radioactive decay 
events from a U-238 nucleus to a Pb-206 nucleus? 


72. 6 Ifyou make an accounting of 1000 people born 
¡n the year 2000 and ñnd that haÏlf of them are still liv- 
¡ng in 2060, does this mean that one-quarter of them 
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will be alive in 2120 and one-eighth of them alive in 
2180? What ¡s different about the death rates of people 
and the “death rates” of radioactive atoms? 


73. 4 Why doesnt uranium ore spontaneously 
undergo a chain reaction? 


74. # “Strontium-90 ¡s a pure beta source.” How could 
a physicist test this statement? 


75. ® WNVhy will nuclear ñssion probably never be used 
directly for powering automobiles? How could ¡it be 
used indirectly? 


76. ® Does the average distance a neutron travels 
through ñssionable material before escaping increase or 
decrease when two pieces of fñssionable material are 
assembled into one piece? Does this assembly increase 
or decrease the probability ofFan explosion? 


77. ® Which shape ¡s likely to need more material for a 
critical mass, a cube or a sphere? Explain. 


78. 8  Why does a neutron make a better nuclear bullet 
than a proton or an electron? 


79. Why does pÏutonium not occur in appreciable 
amounts in natural ore deposits? 


80. @ What ¡s the function of control rods in a nuclear 
reactor? 


81. $ Why ¡is carbon better than lead as a moderator in 
nuclear reactors? 


82. Why, after a uranium fuel rod reaches the end of 
irs fuel cycle (typically 3 years), does most of its energy 
come from the fssioning of plutonium? 


83. # Uranium-235 releases an average of2.5 neutrons 
per fission, whereas plutonium-239 releases an averaøe of 
2.7 neutrons per fission. W/hich of these elements might 
you therefore expect to have the smaller critical mass? 


84. ® Ifa nucleus of 7Ÿ⁄2Th absorbs a neutron and the 
resulting nucleus undergoes two successive beta decays, 
which nucleus results? 


85. ® “To predict the approximate energy release of either 
a ñssion or a fusion reaction, explain how a physicist uses 
a table of nuclear masses and the equation #= 7e”. 


86. ® Which process would release energy from gold, 
fission or fusion? From carbon? From iron? 


87. #' Ifa uranium nucleus were to fission into three 

fragments of approximately equal size instead of two, 

would more energy or less enerey be released? [)efend 
your answer using Figures 4.29 and 4.30. 


88. @ “The water that passes through a reactor core 
does not pass into the turbine. Instead, heat is trans- 
ferred to a separate water cycle that is entirely outside 
the reactor. hy ¡s this done? 


89. 8 Is the mass ofan atomic nucleus greater or Ìess 
than the sum of the masses of the nucleons composing 
it Why dont the nucleon masses add up to the toral 
nuclear mass? 


90. $ The energy release of nuclear fission is tied to the 
fact that the heaviest nuclei have about 0.1 percent 
more mass per nucleon than nuclei near the middÏle of 
the periodic table ofelements. What would be the 
effect on energy release ¡f the 0.1 percent ñgure were 
instead l percent? 


91. $ The original reactor buiÏt in 1942 was Just 
“barely” critical because the natural uranium that was 
used contained less than 1 percent of the fissionable iso- 
tope U-235 (hallife 713 million years). What ¡É, in 
1942, Earth had been 9 billion years old instead of 

4.5 billion years old? Would this reactor have reached 


critical staøe with natural uranium? 


92.® Heavy nuclei can be made to fuse—for instance, 
by fñiring one gold nucleus at another one. Does such a 
process yield energy or cost energy? Explain. 


93. ® Light nuclei can be split. For example, a 
deuteron, which is a proton-neutron combination, can 
splït Into a separate proton and separate neutron. Ï)oes 
such a process yield enerey or cost energy? Explain. 


94. ® Is work required to pulÏ a nucleon out ofan 
atomic nucleus? Does the nucleon, once outside the 
nucleus, have more mass than ït had ¡nside the 
nucleus? 


95. WVhich produces more energy, the fissioning ofa 
single uranium nucleus or the fusing ofa pair of deu- 
terium nuclei? The fissioning ofa gram of uranium or 
the fusing ofa gram of deuterium? (Why do your 
answers differ?) 


96. ® Sustained nuclear fusion has yet to be achieved 
and remains a hope for abundant future energy. Yet the 
energy that has always sustained us has been the energy 
of nuclear fusion. Explain. 


97. $ Ifa fusion reaction produces no appreciable 
radioactive isotopes, why does a hydrogen bomb pro- 
duce significant radioactive fallout? 


98. Explain how radioactive decay has always 
warmed Earth from the inside and how nuclear fusion 
has always warmed Earth from the outside. 


99. Ordinary hydrogen ¡s sometimes called a perfect 
fuel, because ofits almost unlimited supply on Earth, 
and when it burns, harmless water ¡s the product of the 
combustion. So why dont we abandon ñssion energy 
and fusion energy, not to mention fossil fuel energy, 
and just use hydrogen? 


100. ® Speculate about some worldwide changes likely 
to follow the advent of successful fusion reactors. 


| HANDS-ON CHEMISTRY INSIGHTS 


ị 
PERSONAIL RADIATION 


NïIH the efects of the radiation you receive be passed 
on to your children? Only radiation received by your 
reproductive organs (testes in males and ovaries in 
females) has the potential of causing effects that might 
be passcd on to future generations. All other radiation 
you receive is for your body only. 

WWhat percentase ofyour estimated annual radiation 
comes from natural sources? Ñ/hat adjustments might 
you be willing to make in order to decrease your annual 
€xposure? 


RADIOACTIVE PAPER CLIPS 


The unit of halflife in thịs simulation is 720er øƒ` 
#røi/s. The element with the shorter haÌf-]ife is con- 
sidered to be the more radioactive one becausc it 
decays faster and in the process emits more radiation 
per unit time. For most students, this turns out to be 
legonium. 

Uranium-238 has a halfˆlife of 4.5 billion years, and 
polonium-214 has a halfFlife of0.00016 second. So, 
which would you rather hold in your hands: l gram of 
uranium-238 or 1 gram ofpolonium-214? 

Perhaps the most important point of this activity is 
that radioactive decay 1s a statistical phenomenon. Fol- 
low any one of the paper clips, and yoưÏl ñnd that it 
may decay well before or after the halfF-life. Hallife ¡s a 
predictable quantity only when a large number of parti- 
cles are involved. 
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MERCURY EMISSIONS 
g 


f all the metals in the periodic 

†able, mercury, Hg (atomic num- 

ber 8o), is the onÌy one to exist as 
a liquid at ambient temperatures. 
Mercury ïs also volatile,which means 
that uncontained mercury atoms 
evaporate into the atmosphere. 
Today, the atmosphere carries a load 
of about sooo tons of mmnercury. Of 
this amount,about 2goo tons are 
from current human activities, such 
as the burniïng of coal, and 21oo tons 
appear to be from natural sources, 
such as outgassing from Earth's crust 
and oceans. Since the mid-1oth cen- 
tury, however, humans have emitted 
an estimated 2oo,ooo tons of mer- 
cury into the atmosphere, most of 
which has sỉnce subsided onto the 
land and sea. It is probable, therefore, 
that a large portion of the mercury 
emitted from “natural” sources ïs 
actually the re-emission of mercury 
originally put there by humans over 
the last 15O years. 

Mercury is a poison to the nerv- 
ous system. l†s most dangerous form 
is that of the methyl mercury ion, 
CH:Hg”, which forms from elemental 
mercury within aquatic habitats. 
This form of mercury tends to bioac- 
cumulate so that organisms higher 
up in the marine food chaïn, such as 
pike, tuna, and swordfish, tend to 
have the highest levels. People who 
eat these fish regularly may be 
exposing themselves to high levels 
Of TneTCUTY. 

Typical consequences of mercury 
poisoning ïnclude a loss of mental 
focus along with personality changes. 
Within babies and children the dam- 
agïng effects are more severe because 
the mercury disrupts brain develop- 
mnent. Pregnant or nursing mmothers 
are advised to avoid mercury-tainted 
fish because rnethyÏ rnercury passes 
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through the placenta as welÏ as 
through breast milk. A study pub- 
lished in 2oo3 by the U.S. Environ- 
mnental Protection Agency (EPA) 
estimates that some 63o,ooo babies 
are born each year in the United 
States with some degree of neurolog- 
ical deficit owing to exposure to rmmer- 
cury ïn the wormnb. This corresponds 
to about 1 out of every 6 pregnancies. 
Because of a growing awareness of 
the dangers of mercury and because 
of imposed governmental regula- 
tions, over the past several decades 
there has been a gradual phasing out 
of the use of mercury. This includes 
use ïn various commercial products, 
such as thermometers, and manufac- 
turing processes, mmnost notably ïn the 
manufacture of another element, 
chlorine. Interestingly, however, the 
nost significant source of human- 
produced atmospheric mercury, 
which ïs the burning of coal, has 
remained largely unregulated. 
Federal air pollution control meas- 
ures began with the 1o5s Clean Air 
Act, which over the years has been 


supplemented by a nurmnber of 
amendments. One facet of the 197O 
amendment was the exemption of 
existing coal-burning power plants. It 
wasr'tuntil the Clean Aïr Act Amend- 
ment of1ooo that Congress gave the 
EPA the power to create regulations 
that would force all coal-burning 
power plants to be fitted with mer- 
cury-reducing mechanisms. The EPA 
was to provide these regulations by 
1994, but, for a number of political 
reasons, this never happened. A com- 
mittee of state regulators and pollu- 
†tion control experts was thus 
convened to propose regulations. 
Their recornrmmendations were put 
forth at the end of2ooo ïn a report, 
which declared that U.S. mercury 
emissions could be reduced by 4o to 
9o percent by 2oo7 using currently 
available technology. Coal-burning 
utilities disagreed, as did the newly 
elected White House administration, 
which disbanded the committee. 

Back to the drawing board, the EPA 
took another 2 years to develop alter- 
native regulations that called for a 
reduction of the total mercury out- 
put by coal utilities from the then 
current 48 tons per year to 34 tons 
per year by 2oo7.The 34-ton cap was 
set because this was the amount 
achievable via regulations designed 
†o curb other pollutants—no mnercury- 
specific technologies would be 
needed. The cap would then be grad- 
ually lowered to 1s tons by 2018. So, 
some 28 years after the 1ooo Clean 
Air Actamendment, and 63 years 
after the original Clean Air Act, mer- 
cury emissions may finally be 
brought under some control within 
the United States. 

Unfortunately, the combustion of 
coal ïn the United States accounts for 
only a small fraction of the total 
global human output ofatrmospheric 
mnercury. Besides the United States, 
other major polluters include China, 


India, and Russia, but all nations con- 
tribute to some extent. Atmospheric 
nercury remains airborne for about 
a year, which allows it to reach all 
regions of the planet. There are defi- 
nitely “hot spots” that occur within 
1oo kilometers downwind of a coal- 
burning power plant, but, on average, 
much of the mercury North Ameri- 
cans are exposed to originated from 
Asia. Likewise, much of the mercury 
Asians are exposed to originated 
from North America. All of us are 


exposed to mercury arising from our 
past. Atmospheric mercury is a global 
problem, as 1s the human inertia to 
find solutions. 


cK 


The average concentration of mer- 
cury atoms ïn the air we breath is 
about 1.6 nanograms per cubic 
mneter. This 1s an extremely Ìow 
concentration and poses no dis- 
cernable health risks. (Mercury is 
dangerous to us only because of ï†s 
ability to bioaccumulate in the fish 
we may eat.) Atoms are so small, 
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however, that 1.6 nanograms of 
Tnercury atoms corresponds to 
4.8 trillion of them. Take a deep 
breath—a liter's worth. You have 
just inhaled one-thousandth ofa 
cubic meter of aïr containing 

4.8 billion mercury atoms. From 
where did most of these mercury 
atoms originate? 


Was thỉs your answer? Most of 
these mercury atoms were placed 
into the environrnent by recent or 
past human activities. 


IN THE SPOTLIGHT 
DISCUSSION QUESTIONS 


1. Coal-mining companies have pro- 
vided $1oo miÏllion to federal politi- 
caÏ campaigns since 199o. Do you 
agree with their right to make such 
contributions? 


2. The cost of equïpping coal-burning 
utilities with mercury-specific 
antipollution technologies would 
have been passed along to the con- 
sumer. The exemption for coal- 
burning utilities given by the 197o 
Clean Air Act Amendment has there- 
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fore saved consumers billions of dol- 
lars,which,in turn, has been of ben- 
efit to the economy. Is thỉs a good or 
bad thing? 


. lf the estimate of 63o,ooo babies 


affected per year is correct, then 
over the course of 63 years some 

39 million individuals wïÏl have been 
affected by methyl mercury.Wïthout 
extensive rnedical tests, how would 
you know if you were one of the 
mildly affected individuals? 


. Even if the United States were to 


have eliminated all of its mercury 
emissions, we would still have been 
exposed to about the sarne amount 
of mercury because atmospheric 
mnercury is such a global problem. 
So, maybe ït doesn† realÌy matter 
that we have been so tardy ïn devel- 
opïng rnercury regulations. What do 
you think? 


. About 53 percent of the electricïty 


produced ïn the United States 
cormes from coal-burning utilities. 
Only about 2o percent of U.S. elec- 
tricity comes from nuclear power 
plants.Why do Americans tend to 
oppose nuclear power pÏlan†s more 
than coal-fired power plants? 
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The elemernts of many chemical commpounds glow with color 
when heated. Strontium, for example, glows red, sodium 
glows yellow, and barium glows yelÌow-green. Package such 
elernents with burning gun powder, and the result is a bril- 
liant fireworks display. Interestingly, the glow of a single ele- 
ment consists of a number of overlapping colors, which can 
be separated from one another with a prism. Such a separa- 
tion is showmn in the opening photograph of this chapter. In 
the center of the photograph are glowing sparks of stron- 
tium. The adjacent diagonal stripes, created by a prismilike fil- 
ter on the camera, reveal this element's many hues, called a 
spectral pattern. 

Each element emits ïts own characteristic spectral pat- 
tern, which can be used to identify the element just as a fin- 
gerprint can be used to identify a person. As we discuss in 
this chapter, scientists of the early 19oos saw these spectral 
patterns as clues to the internal structure and dynamics of 
atoms. By studying spectral patterns and by conducting 
experiments, these scientists were able to develop models of 
the atom. Through these models, which continue to be 
refined even today, chemists gain a powerful understanding 
of how atoms behave. 

This chapter explores the developmertt of atomic rmodels. 
lt is one of the more challenging chapters of this textbook. 
The background ït provides, however, will give you both a 
deeper understanding of the periodic table and a foundation 
for understanding how atoms react with one another to 
form new materials=an important topic of subsequent 


chapters. 
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CHAPTER 5 


ATOMIC MODELS 


* s1 Models Help Us Visualize the Invisible World 
of Atoms 


toms are so small that the number of them in a baseball is roughly equal to 
the number of Ping-Pong balls that could ft inside a hollow sphere as big 
as Earth, as Figure 5.1 illustrates. 

Atoms are so small that we can never sé them ¡n the usual sense. This is 
because light travels in waves, and atoms are smaller than the wavelengths of vis- 
ible lipht, which ¡s the light that allows the human eye to see things. We could 
stack microscope on top of microscope and still not see an individual atom. As 
illustrated in Eigure 5.2, the diameter ofan object visible under the hiphest mag- 
niRcation must be larger than the wavelengths of the light. 

Although we cannot see atoms z7£c/, we can generate Images of them Z⁄/77- 
ecdly. In the mid-1980s, researchers developed the se27 probe 7cr0sc006, 
which produces images by dragging an ultrathin needle back and forth over the 
surface of a sample. Interactions with the surface atoms are detected and trans- 
lated by a computer into a topographical image that corresponds to the posi- 
tions ofatoms on the surface (Figure 5.3). A scanning probe microscope can 
also move individual atoms into desired positions. This ability opened up the 
Reld of nanotechnology, as discussed in the Chapter 3 Spotlight on page 104. 


Why are atoms ïnvisible? 


Was thỉs your answer? An individual atom is smaller than the wavelengths 
of visible light and so is unable to reflect that light. Atoms are invisible, 
therefore, because visible light passes right by them. The atomic images 
generated by STMs are not photographs taken by a camera. Rather, they are 
computer renditions generated from the movements of an ultrathin needle. 


A very small or very large visible object can be represented with a physical 
model, which ¡s a model that replicates the obJect at a more convenient scale. 


Atomsin Ping-Pong balls 
a baseball in the Earth 
FIGURE 5.1 


IfEarth were filled with nothing but Ping-Pong balls, the number ofballs would be 
rouphly equal to the number ofatoms in a baseball. Put differently, ifa baseball were 
the size of Earth, one ofits atoms would be the size ofa Ping-Pong ball. 
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Bacterium 
Atom 
————— - 

10 m 


(a) (b) 


FIGURE 5.2 


Microscopic objects can be seen through a microscope that works with visible light, 
but submicroscopic particles cannot. (a) A bacterium is visible because it is much 
larger than the wavelengths of visible light. Ñe can see the bacterium through the 
microscope because the bacterium scatters visible light back towards the eye. 

(b) An atom is invisible because ¡t is smaller than the wavelengths of visible lipht, 
which passes by the atom with no scattering. 


FIGURE 5.3 


(a) Scanning probe microscopes are relatively simple devices used to create submi- 
croscopic imagery. (b) An image of gallium and arsenic atoms. (c) Each dot in the 
worldiš tiniest map consists ofa few thousand gold atoms, each dot moved into its 
proper place by a scanning probe microscope. 
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CHAPTER 5 


ATOMIC MODELS 


FIGURE 5.4 


(a) This large-scale model ofa microorganism is a physical model. (b) ÑWeather fore- 
casters rely on conceptual models such as this one to predict the behavior of weather 
Systems. 


Eigure 5.4a, for instance, shows a large-scale physical model ofa microorganism 
that a biology student uses to study the microorganism$ internal structure. 
Because atoms are invisible, however, we cannot use a physical model to repre- 
sent them. Ín other words, we cannot simply scale up the atom to a larger size, as 
we mipht with a microorganism. (A scanning probe microscope merely shows 
the øØs//727s of atoms and not actual images of atoms, which do not have the 
solid surfaces implied in the images of Figure 5.3.) So, rather than describing the 
atom with a physical model, chemists use what is known as a conceptual 
model, which describes a øys⁄¿z. The more accurate a conceptual model, the 
more accurately it predicts the behavior of the system. The weather ¡s best 
described using a conceptual model like the one shown ¡in Eigure 5.4b. Such a 
model shows how the various components of the system——humidity, atmos- 
pheric pressure, temperature, electric charge, the motion of large masses of air—— 
interact with one another. Other systems that can be neatly described using 
conceptual models are the economy, population growth, the spread of diseases, 
and team spOrts. 


Ä. CHEEE 


A basketball coach describes a playing strategy to her team by way of 
sketches on a garne card. Do the ïllustrations represent a physical model or 
a conceptual model? 


Was thỉs your answer? The sketches are a conceptual rnodel the coach uses 
to describe a system (the players on the court), with the hope of predicting 
an outcome (winning the game). 


Like the weather, the atom ¡is a complex system 0Ý interacting components, 
and ¡t is best described with a conceptual model. You should therefore be careful 
not tO interpret any visual representation ofan atomic conceptual model as a re- 
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creation ofan actual atom. Ín Section 5.4, for example, you will be introduced 
to the planetary model of the atom, wherein electrons are shown orbiting the 
atomic nucleus much as planets orbir the sun. This planetary model ¡s limited, 
however, in that it fails to explain many properties of atoms. Thus, newer and 
more accurate (and more complicated) conceptual models of the atom have 
since been introduced. In these models, electrons appear as a cloud hovering 
around the atomic nucleus, but even these models have their limitations. Ulti- 
mately, the best models of the atom are ones that are purely mathematical. 

In this textbook, our focus Is on conceptual atomic models that are easiÌy rep- 
resented by visual images, including the planetary model, the electron-cloud 
model, and a model in which electrons are grouped in units called s6£/. ]espite 
their limitations, such images are excellent guides to learning chemistry, espe- 
cially for the beginning student. These models were developed by scientists to 
help explain how atoms emit light. W/e begin our study ofatomic models, there- 
fore, by reviewing the fundamenral nature of light. 


* s2 Light Isa Form of Energy 


Ight is a form of energy known as ¿/2c/z074gnctíc radlatzøn. Ìt travels 1n 
aves that are analogous to the waves produced by a pebble dropped Into a 
pond. Electromagnetic waves, however, are oscillations 
(vibrations) of electric and magnetic fields, not oscilla- 
tions oFa material medium such as water. Most of the 
electromagnetic radiation we encounter is generated by 
electrons, which can oscillate at exceedinely high rates 
because of their smalÏ size. 

The distance between two crests of an electromag- 
netic wave ¡s called the wavelength of the wave. Electro- 
magnetic wavelengths range from less than l nanometer 
(107? meter) for high-energy gamma rays to more than 


LIGHT IS A FORM OF ENERGY 


As T idly †ap †his s†ick on †he wo†er surface, 
T genera†e woves †ha† emana†e ou†word from †he 
poin† of con†ac†. Similarly, as elec†rons oscilla†e 
back and for†h in an a†om, †hey qenero†e elec†ro- 
maqne†ic woves †ha† emano†e from †he o†om. 
Tn†eres†ingly, †he fas†er T †ap, the closer †ogether 
The woves are †o one ano†her bu† †he speed o† 
wWhich †hey †roavel remoins †he same. 


1 kilometer (102 meters) for radio waves, which are low- 
energy electromagnetic radiation. Figure 5.5 labels two 
wavelengths——one very long, the other very short—on a 
fctitious wave drawn for ilÏustration only. 

Electromagnetic waves can also be characterized by 
their wave Írequency, a measure of how rapidly they 
oscillate. The shorter the wavelength of an eÌectromag- 
netic wave, the øreater is wave Írequency. Gamma rays, 
for example, have very short wavelengths, which means 
their wave Írequencies are very hiph. Radio waves have 
very long wavelengths, which means their wave Írequen- 
Cles are very low. 

The basic unit ofwave frequency ¡is the Ó/z#z (abbrevi- 
ated Hz), where 1 hertz equals 1 cycle per second and 
€ycle refers to l complete oscillation. Wave frequencies for electromagnetic radi- 
ation range from 10“ hertz for gamma rays to less than 10° hertz for radio 
waves. The hipher the frequency ofa wave, the øreater its energy, which means 
that gamma rays are far more energetic than radio waves. 

Figure 5.5 shows a full range of frequencies and wavelengths of electro- 
magnctic radiation ¡n a display known as the electromagnetic spectrum. The 
most energetic region of the electromagnetic spectrum consists o gamma rays. 
Next is the region ofsliphtly lower enerey where we ñnd X rays, and next ¡s the 
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FIGURE 5.5 


The electromagnetic spectrum is a continuous band ofwave frequencies extending 
from high-energy gamma rays, which have short wavelengths and hiph frequencies, 
to low-energy radio waves, which have long wavelengths and low frequencies. The 
descriptive names of these regions are merely a historical classification, for all these 
waves are the same in nature, differing only in wavelength and frequency. [nterest- 
ingly, the speed at which they travel ¡s also the same. There is the speed of light, 
which is about 3 x 10 meters per second. 


electromagnetic radiatlon we call ultraviolet light. Within a narrow region from 
about 7 x 10!Ý (700 trillion) hertz to about 4 x 101 (400 trillion) hertz are the 
frequencies of electromagnetic radiation known as visible lipht. This region 
includes the rainbow ofcolors our eyes are able to detect, from violet at 700 tril- 
lion hertz to red at 400 trillion hertz. Lower in energy than visible lipht are 
infrared waves (detected by our skin as “heat waves”), then microwaves (used to 
cook foods), and finally radio waves (through which radio and television signals 
are sent), the waves of Ïowest energy. 


cK 
Can you see radio waves? Can you hear them? 


Was thỉs your answer? Your eyes are equipped to see onÌy the narrow 
range of frequencies of electromagnetic radiation from about 7oo trillion 
to 4oo trillion hertz—the range of visible light. Radio waves are one type of 
electromagnetic radiation, but their frequency is mmuch lower than what 
your eyes can detect. Thus, you cart see radio waves. Neither can you hear 
them. You can, however, turn on an electronic gizmo called a radio,which 
translates radio waves ïnto signals that drive a speaker to produce sound 
Waves your ears can hear. 


WWe see white light when all frequencies of visible light reach our eyc at the 
same time. By passine white lieght through a prism or through a diffraction grat- 
ing, which is a glass plate or plastic sheet with microscopic lines etched into it, 
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FIGURE 5.6 


White light is separated Into its 
color components by (a) a prism 


and (b) a difraction grating. 


Prism (cross section) section) 


the color components of the light can be separated, as shown in Figure 5.6. 
(Remember—each color of visible light corresponds to a different frequency.) A 
spectroscope, shown ¡n Figure 5.7, is an instrument used to observe the color 
components ofany light source. As we discuss in the following section, a spectro- 
scope allows us to analyze the light emitted by elements as they are made to gÌow. 


White light directly 
from light source 


Color components of 
white light separated 
by spectroscope 

fall on retina 


Diffraction 
grating 


Spectroscope 


Narrow silit 


Atoms in filament excited 
by electricity 


(a) 
FIGURE 5.7 
Smooth, continuous White light Smooth, continuous 
(a) In a spectroscope, light emitted by atoms P2SS€S Spectrum from white light directly from spectrum from white light 
through a narrow slit before being separated into (b) light source (mirror image) 


particular Írequencies by a prism or (as shown here) 
a difraction grating. (b) Thịs is what the eye sees 
when the sÏit of a diffraction-grating spectroscope 
1s pointed toward a white-]ight source. Spectra of 
colors appear to the left and right of the sÏit. 
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® c3 Atoms Can Be Identified 
by the Light They Emit 


ight ¡is given of by atoms subjected to various 
forms of energy, such as heat or electricity. The 
atoms of a gIven element emit onÌy certain Írequencies 
of light, however. As a consequence, each element emits 
a distinctive glow when energized. Äs mentioned ¡n the 
chapter opening, sodium atoms emit bright yellow light, 
which makes them useful as the lipht source In street 
lamps because our eyes are very sensitive to yellow light, 
and, to name just one more example, neon atoms emit a 
brilliant red-orange light, which makes them useful as 
the light source in neon signs. 
WWhen we view the light from glowing atoms through 
a spectroscope, we see that the light consists ofFa number 
of discrete (separate from one another) Írequencies 
rather than a continuous spectrum like the one shown in 
Figures 5.5, 5.6, and 5.7. The pattern of frequencies 
formed by a given element——some of which are shown 
in Figure 5.8—Is referred to as that elements atomic 
spectrum. The atomic spectrum ¡s an elements ñnger- 
print. You can identify the elements in a light source by 
analyzing the light through a spectroscope and looking 
for characteristic patterns. Ifyou dont have the oppor- 
tunity to work with a spectroscope In your laboratory, 
check out the Hands-On Chemistry: Spectral Patterns 
on page 15]. 


FIGURE 5.8 “0080002 012)71-7 21. 
Elements heated by a ame glow 
their characteristic color. This is 
commonly called a Ñame test and 
1s used to test for the presence of 
an element in a sample. hen 
viewed through a spectroscope, 
the color of each element is 
revealed to consist oFa pattern of 
distinct frequencies known as an 


R for “sun,” helios. 
atomIc spectrum. Nho ải llápMpee 


How mnight you deduce the elemental cormnposition of a star? 


Was thỉs your answer? Aim a well-built spectroscope at the star,and study 
Tts spectral patterns. In the late 18oos, this was done with our own star, the 
sun. Spectral patterns of hydrogen and some other known elements were 
observed,ïn addition to one pattern that could not be identified. Scientists 
concluded that this unidentified pattern belonged to an elerment not yet 
điscovered on Earth. They named this elerment helium after the Greek word 


Researchers in the 1800s noted that the lightest element, hydrogen, has a far 
more orderÏy atomic spectrum than the other elements. Figure 5.9 shows a por- 
tion of the hydrogen spectrum. Note that the spacing between successive lines 


| | LIlJ 


FIGURE 5.9 


A pordon oÊthe atomic spec- 
trum for hydrogen. These fre- 
quencies are higher than those of 
visible light, which ¡s why they 
are not shown ïn color. 


Eirst spcctral linc 


decreases in a regular way. Â Swiss schoolteacher, Johann Balmer (1825—1898), 
expressed these line positions by a mathematical formula. Another regularity in 
hydrogenS atomic spectrum was noticed by Johannes Rydberg (1854-1919)—— 
the sum of the frequencies of two lines sometimes cequals the frequency of a 
third line. For example, 


1.6x 101? Hu 


Second spectralline + 4.6 x 10'' Hz 
Third spcctral line 


6.2 x10! He 


5,4 NIELS BOHR USED THE QUANTUM HYPOTHESIS TO EXPLAIN ATOMIC SPECTRA 


you see from these ligh† sources are 
the atomic spectra of elements 
heated ïn the light sources. You Tl be 
able to see the patterns best when 
you are at least so meters from the 
light source. This distance rmnakes the 
spectrum appear as a series of dots 
similar to the series of lines shown 
ïn Figure 5.8. 

The rainbow side of a compact 
đisc can also be used for viewing 
spectral patterns. Holding the disk at 
eye level parallel to the ground, look 
into the disc at the reflection ofa 
light source and observe the rainbow 
of colors. While focusing on the 
reflection, bring the disc as close as 
possible to your eye. Doïng so wiÏl 


urchase some “rainbow” gÌasses 

from a nature, toy, or hobby store. 

The lenses of these glasses are dif- 
fraction gratings. Looking through 
them, you wil] see light separated 
into ïts color components. Certain 
light sources, such as the rmnoon or a 
cars headlights, are separated into a 
continuous spectrum=—in other 
words, all the colors of the rainbow 
appear ïn a continuous sequence 
from red to violet. 

Other light sources, however, 
emit a đistinct number of discontin- 
uous colors. Examples include 
streetlights, neon signs, sparklers, 
and fireworks. The spectral patterns 


SPECTRAL PATTERNS 


make the spectral pattern more 
apparernt. 

Share your raiïnbow gÌasses or CD 
with a friend on your next “night on 
the town.”YouTÌ find each type of 
light has ïts own signature pattern. 
How many different patterns are you 
able to observe? 
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The orderliness of hydrogens atomic spectrum was most intriguing to 
Balmer, Rydberg, and other investigators of the time. However, as to why such 
orderliness should exist, these early workers were unable to formulate any 
hypothesis that agreed with any accepted atomic model of the day. 


%® s4 Niels Bohr Used the Quantum Hypothesis 
to Explain Atomic Spectra 


n important step toward our present-day understanding of atoms and 

their spectra was taken by the German physicist Max Planck (1858— 
1947). In 1900, Planck hypothesized that light energy is zin much the 
same way matter is. 

To understand what this interesting new term means, consider a gold brick. 
The mass of the brick equals some whole-number multiple of the mass ofa sin- 
gøle gold atom. Similarly, an electric charge ¡s always some whole-number multi- 
ple of the charge on a single electron. Mass and electric charge are therefore said 
to be đ/z/zein that they consist of some number offundamenral units. 

Nhat Planck did with his quantum hypothesis was to recognize that a beam 
of light energy is not the continuous (nonquantized) stream of energy we think 
1t 1s. Instead the beam consists of zillions of small, discrete øZe&e/s of energy, each 
packet called a quantum, as represented ¡n FEigure 5.10. A few years later, in 
1905, Einstein recognized that these quanta of lipht behave much like tiny par- 
ticles of matter. Io emphasize their øzz77czi/z/e nature, cach quantum of Ïipht was 
called a photon, a name coined because of its similarity to the words e/2c/rø7, 
Đ70f0ø, and ø#9£‡707. 

Take a moment to let this amazing fact sink in: light as a stream of tiny little 
bullets! And !f that ¡s so, why does Section 5.2 say light is an electromagnetic 
1uae Was that an error? Á lie? Neither, for evidence tells us that lipht behaves as 
botÐ 4 tuaUe and a pari/cfe, and thịs is where the idea ofconceptual models comes 


.s_Á star's age is revealed by its ele- 
mental makeup. The first and old- 
est stars Were cormmnposed of 
hydrogen and helium because 
those were the onÌy elements 
available at that time. Heavier 
elermnents were produced after 
mnany of these earÌy stars 
exploded ïn supernovae. Later 
stars incorporated these heavier 
elements in their formation. In 
general, the younger a star, the 
greater amounts of these heavier 
elements ït contaiïns. 

MORE TO FXPLORE: 
WWw.astronomytoday.com/ 
cosmology/evol.html 


152 CHAPTERS5S ATOMIC MODELS 


High-frequency, 
high-energy 
photon 


| Low-frequency, 
low-energy 
photon 


The greater the frequency ofa 
photon of lipht, the greater the 
energy packed into that photon. 


Light source Light beam 


One quantum (photon) of light 


ở TRỢ tái 

-FIGURE 5.10 
Light is quantized, which means it consists oŸa stream ofenergy packets. Each 
packet ¡s called a quantum, also known as a photon. 


into play. hen scientists study visible light (or any other electromagnetic radi- 
ation), they are Íree to choose the model that best ñts their needs—light as wave 
or light as stream of particles. Depending on the model chosen, lipht has the 
Properties oFa wave or the properties oFa particle. To represent this duality, pho- 
tons are iÌlustrated in this text as a burst of light with a wave drawn inside the 
burst. 

As shown in Eigure 5. 1 1, the amount ofenergy in a photon increases with the 
frequency of the light. One photon of ultraviolet light, for example, possesses 
more energy than one photon of infrared light because ultraviolet light has 
hipher frequency than infrared light (as Figure 5.5 show). 

Using Plancks quantum hypothesis, the Danish scientist Niels Bohr 
(1885—1962) explained the Íormation of atomic spectra as follows. First, Bohr 
recognized that the potential energy of an electron in an atom depends on the 
electrorrs distance from the nucleus. This is analogous to the potential energy of 
an object held some distance above Earth surface. The obJect has more poten- 
tial energey when it is held high above the ground than when ¡t ¡s held close to 
the ground. Likewise, an electron has more potential energy when it is far from 
the nucleus than when it ¡s close to the nucleus. Second, Bohr recognized that 
when an atom absorbs a photon of lipht, ¡t is absorbing zzerey. Thĩs energy 1s 
acquired by one o£ the electrons surrounding the atomS nucleus. Because this 
electron has gained energy, it must move away from the nucleus. In other words, 
absorpton o£a photon causes a low-potential-energy electron in an atom to 
become a hiph-potential-energy electron. 

Bohr also realized that the opposite is true: when a high-potential-energy 
electron in an atom Ìoses some of its energy, the electron moves closer to the 
nucleus and the energy lost from the electron is emitted from the atom as a pho- 
ton oflight. Both absorption and emission are ilÏustrated in Figure 5.12. 


Which has more energy: a photon of red light or a photon of infrared light? 


Was thỉs your answer? As shown in Figure 5.5, red light has a higher fre- 
quency than infrared light, which means a photon of red light has rnore 
energy than a photon of infrared light. Recall that a photon ïs a single dis- 
crete packet (a quantum) of radiant energy. 
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ïURE 5.12 


An electron ¡s lifted away from the nucleus as the atom absorbs a photon oflight 
and drops closer to the nucleus as the atom releases a photon of lieht. 


Bohr reasoned that because light energy ¡is quantized, the energy of an 
electron ¡n an atom must also be quantized. In other words, an electron can- 
not have just any amount oÊ potential energy. Rather, within the atom there 
must be a number o£ distinet ££zey /ø£l, analogous to steps on a 
staircase. Where you are on a staircase 1s restricted to where the steps 
are—you cannot stand at a height that is, say, halfway between any 
two adjacent steps. Similarly, there are only a limited number of per- 


mitted energy levels in an atom, and an electron can never have an Jus† as I can? s†and 
amount of energy between these permitted energy levels. Bohr gave belween †wo odjacen† 

SA - s†eps, an elecfron canT 
each energy level a principal quantum number, 7, where 7 is always Mộc ti gio ph 
some integer. The lowest energy level has a principal quantum num- chéndý letel€ 


ber ø = 1. An electron for which ø = I ¡is as close to the nucleus as pos- 
sible, and an electron for which ø = 2, ø = 3, and so forth is farther 
away from the nucleus. 

Using these ideas, Bohr developed a conceptual model in which an 
electron moving around the nucleus is restricted to certain distances 
from the nucleus, with these distances determined by the amount of 
energy the electron has. Bohr saw this as similar to how the planets are 
held in orbit around the sun at given distances from the sun. The 
allowed energy levels for any atom, therefore, could be graphically rep- 
resented as orbits around the nucleus, as shown in Figure 5.13. BohrS 
quantized model of the atom thus became known as the Ø/Z£/Zry 
?odlelL 

Bohr used his planetary model to explain why atomic spectra contain only a 
limited number oflight frequencies. According to the model, photons are emit- 
ted by atoms as electrons move from higher-energy outer orbits to Ïower-energy 
inner orbits. The energy ofan emitted photon ¡is equal to the đZ/rerzcc In cnergy 
between the two orbits. Because an electron is restricted to discrete orbits, onÌy 
particular light frequencies are emitted, as atomic spectra show. 

Interestinely, any transitlon between rwo orbits is always instantaneous. Ïn 
other words, the electron doesnt “jump” from a higher to lower orbit the way a 
squirrel Jumps from a higher branch in a tree to a lower one. Rather, it takes no 
time for an electron to move between two orbits. Bohr was serious when he 
stated that electrons could øzzexist 2/2 permitted energy levelsl 
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tE 5.13 


- Bohrs planetary model ofthe 

- atom, ¡in which electrons orbit 
the nucleus much like planets 
orbit the sun, is a praphical repre- 
sentation that helps us under- 
stand how electrons can possess 
only certain quantities of energy. 


Bohr was also able to explain why the sum of two Írequencies 
of lipht emitted by an atom often equals a third emitted fre- 
quency. lfan electron is raised to the third energy level—that is, 
the third-hiphest orbit, the one for which ø= 3——it can return to 
the frst orbit by two routes. As shown In Figure 5.lá, ït can 
return by a single transition from the third to the first orbit, or It 
can return by a double transiton from the third orbit to the sec- 
ond and then to the first. IÌhe single transitlon emits a photon of 
frequency €, and the double transitlon emits two photons, one 
of frequency A and one of frequency B. These three photons of 
frequencies A, B, and C are responsible for three spectral lines. 
Note that the energy transidon for A plus B ¡s cqual to the 
energy transition for C. Because frequency ¡is proportional to 


energy, frequency A plus frequency B equals frequency C. 


Suppose the frequency of light emitted in Figure 5.14 is 
5 billion hertz along path A and 7 billion hertz along 
path B. What frequency of light is emitted when an elec- 
tron makes a transition along path C? 


Was thỉs your answer? Add the two known frequencies to get the fre- 
quency of path C: 5 billion hertz + 7 billion hertz = 12 billion hertz. 


S, \¡- Frequency A = 


... “=—--.-.ố VN 


_FIGURE 5.14 


(a) The frequency of light emitted (or absorbed) by an atom is proportional to the 
energy difference between electron orbits. Because the cnergy differences berween 
orbits are discrete, the frequencies of light emitted (or absorbed) are also discrete. 
The electron here can emit only three discrete frequencies of light—A, B, and C. 
The greater the transition, the higher the frequency of the photon emitted. 

(b) The sum of the energies (and frequencies) for transitions A and B equals the 
energy (and frequency) of transition €. 
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Bohr5 planetary atomic model proved to be a tremendous success. By utiÏiz- 
¡ng Planclks quantum hypothesis, Bohrs model solved the mystery of atomic 
spcctra. Despite irs successes, though, Bohrs model was limited because ít did 
not explain why cnergy leveÌs in an atom are quantized. Bohr himselfwas quick 
to point out that his model was to be interpreted only as a crude beginning, and 
the picture of electrons whirling about the nucleus like planets about the sun 
was not to be taken literally (a warning to which popularizers o science paid no 


hecd). 


* sø Electrons Exhibit Wave Properties 


f light has both wave properties and particle properties, why cant a mate- 
rial particle, such as an electron, also have both? This question was posed by 
the French physicist Louis de Broglie (1892—1987) while he was still a graduate 
student in 1924. His revolutionary answer was that every particle of matter is 
somehow endowed with a wave to guide it as ¡t travels. The more slowly an elec- 
tron moves, the more its behavior Is that of a particle with mass. The more 
quickly it moves, however, the more its behavior is that ofa wave ofenergy. This 
duality is an extension o£ Einsteins famous equation #= øe”, which tells us that 
matter and energy are interconvertible (Section 4.9). 

A practical application of the wave properties of fast-moving electrons ¡s the 
electron microscope, which focuses not visible-light waves but rather electron 
waves. Because electron waves are much shorter than visible-light waves, elec- 
tron microscopes are able to show far greater detail than optical microscopes, as 
Eigure 5.15 shows. 

Ïn an atom, an electron moves at very high speeds——on the order of2 million 
meters per second——and therefore exhibits many of the properties ofFa wave. An 
electrons wave nature can be used to explain why electrons in an atom are 


FIGURE 5.15 


(a) An electron microscope 
makes practical use of the wave 
nature of electrons. The wave- 
lengths of electron beams are typ- 
ically thousands of times shorter 
than the wavelengths ofvisible 
light, and so the electron micro- 
scope ¡s able to distinguish detail 
not visible with optical micro- 
scopes. (b) Detail oFa female 
mosquito head as seen with an 
electron microscope at a “low” 
magnification oŸ200 times. Note 
the remarkable resolution. 


156 CHAPTER 5 ATOMIC MODELS 


Mechanical Wire 
vibrator loop 


(a) 


FIGURE 5.16 


For the fxed circumference ofa 
wire loop, only some wavelengths 
are selreinforcing. (a) The loop 
aflixed to the post oFa mechani- 
cal vibrator at rest. \aves are sent 
through the wire when the post 
vibrates. (b) ÑWaves created by 
vibration at particular rates are 
self-reinforcing. (c) Ñaves cre- 
ated by vibration at other rates (b) Wavelength is self-reinforcing. (c) Wavelength produces chaotic motion. 
are not self-reinforcing. 


restricted to particular energy levels. Permitted energy levels are a naturaÏ conse- 
quence of electron waves closing in on themselves in a synchronized manner. 

As an analogy, consider the wire loop shown in Figure 5.16. This loop Is 
aflixed to a mechanical vibrator that can be adjusted to create waves of different 
wavelengths in the wire. Waves passing through the wire that meet up with 
themselves, as shown in Figure 5.16b, form a stationary wave pattern called a 
súamdlzng t0aue. Thịĩs pattern results because the peaks and valleys of successive 
waves are perfectly matched, which makes the waves reinforce one another. 
WWith other wavelengths, as shown in Figure 5. ÏÓc, successive waves are not syn- 
chronizcd. As a result, the waves do not build to great amplitude. 

The only waves that an electron exhibits while confiined to an atom are those 
that are sel-reinforcing. These are the ones that resemble a standing wave cen- 
tered on the atomic nucleus. Each standing wave corresponds to one of the per- 
mitted energy levels. Only the frequencies of light that match the difference 
between any two of these permitted energy levels can be absorbed or emitted by 
an atom. The wave nature of electrons also explains why they do not spiral closer 
and closer to the positive nucleus that attracts them. By viewing each electron 
orbit as a selÍ-reinforcing wave, we sec that the circumference of the smallest 
orbit can be no smaller than a single wavelength. 


cK 
What must an electron be đoïng ïn order to have wave properties? 


Was thỉs your answer? Movingl According to de Broglie, particles of matter 
behave like waves by virtue of their motion. The wave nature of electrons ỉn 
atoms ïs pronounced because electrons move at speeds of about 2 million 
meters per second. 
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Under regular light,ït ¡s difficult to 


tretch a rubber band between see the waves traveling back and forth. 

your two thumbs and pluck one For a better view, pluck the rubber 

length of ït. Note that no matter band in front ofa computer monitor 
where along the length you pluck,the ora television screen that uses a cath- 
area of greatest oscillation ïs alWways ode ray tube. The light from these 
at the midpoint. This is a self-rein- devices, which acts like a strobe light, 
forcing wave that occurs as overÌap- makes the waves appear to sÌlow down. 
pỉng waves bounce back and forth Vary the tension in the rubber 
from thumb to thumb. band to see different effects. 


PROBABILITY CLOUDS AND ATOMIC ORBITALS HELP US VISUALIZE 
ELECTRON WAVES 

Electron waves are three-dimensional, which makes them difffcult to visualize, 
bụt scientists have come up with two ways of visualizing them: as ø7z2027/7£y 
clozs and as af07wfc 0rb/1al. 

As you saw If you just did the Hands-On exercise, when you pluck a 
strerched rubber band, the resulting waves are most Intense at the midpoint of 
the plucked length and much weaker at the ends. In a similar fashion, stand- 
¡ng electron waves in an atom are more intense in some regions than in others. 
In 1926, the Austrian-German scientist Erwin Schrodinger (1887—1961) for- 
mulated a remarkable equation from which the intensities of electron waves 
in an atom could be calculated. Ït was soon recognized that the intensity at 
any given location determined the probability of 
ñnding the electron at that location. [n other words, 
the electron was most likely to be found where its 
wave Intensity was greatest and least likely to be 
found where its wave intensity was smallest. 

If we could plot the positions of an electron o£ a 
given energy over time as a series of tiny dots, the 
resulting pattern would resemble what ¡s called a 
probability cloud. Figure 5.17a shows a probability 
cloud for hydrogenSs electron. The denser a replon of 
the cloud, the greater the probability of ñnding the (a) Erobsbiltty cloud 
electron ¡in that region. The densest replons corre- 
spond to where the electrons wave Intensity IS øTeat€st. 

A probability cloud ïs therefore a close approximation of the actual shape of an 
electrons three-dimensional wave. 

An atomic orbital, like a probability cloud, specifes a volume of space 
where the electron 1s most likely to be found. By convention, atomic orbitals 
are drawn to delineate the volume inside which the electron is located 90 per- 
cent of the time. This gives the atomic orbital an apparent border, as shown in 
Figure 5.17b. This border is arbitrary, however, because the electron may exIst 
on either side of it. Most of the time, though, the electron remains within the 
border. 

Probability clouds and atomic orbitals are essentially the same thing. They 
differ only in that atomic orbitals specify an outer limit, which makes them eas- 
Ier to depict øraphically. 


(b) Atomic orbital 


FIGURE 5.17 


(a) The probability cloud for 
hydrogens electron in an x, , z 
coordinate system. The nucleus ïs 
located at the origin, which is 
where all three lines Intersect. 
The more concentrated the dots, 
the greater the chance of finding 
the electron at that location. 

(b) The atomic orbital for hydro- 
gen electron. The electron 1s 
somewhere inside this spherical 
volume 90 percent of the time. 
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An atomic orbital repbresents an energy level for an electron. Because there 
are many different energy levels for an electron, we ñnd there are many di£ˆ 
ferent atomic orbitals. As Table 5.1 shows, atomic orbitals come in a variety 
of shapes, some quite exquisite. We categorize these orbitals by their com- 
plexity using the letters s, 2, Z2 and £ The simplest ¡s the spherical s orbital. 
The ø orbiral consists of two lobes and resembles an hourplass. There are three 
kinds of ø orbirals, and they differ from one another only by their orientatlon 
¡n three-dimensional space. The more complex Z orbitals have ñve possible 
shapes, and the ƒorbitals have seven. Please do not memorize all the orbital 


-5.1 FOUR CATEGORIES OF ATOMIC ORBITALS: s, P..d,Ƒ 


Orbital Type Spatial Orientations 


which ïs spherical. 


P 
There are 


| 
| 
s 
The s orbital has : 
only one shape, = 


_ 


three p orbitals. —^S-. ®^qœ —~— 
They điffer by BE le sã ê— 


orientation. 


d 


There are ì 
five đ orbitals. 


ni are cào , cv 


seven ƒ orbitals. 


— 


_s#e 
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shapes, especially the Zand ƒones. However, you should understand that each 
orbital represents a different repion in which an electron oF a given energy Is 
most likely to be found. 


cK 


What is the relationship between an electron wave and an atomic 
orbital? 


Was this your answer? The atomic orbital is an approximation of the shape 
of the standing electron wave surrounding the atomic nucleus. 


In addition to a variety of shapes, atomic orbitals also come in a varlety of 
sizes. In general, highly energized electrons are able to extend farther away from 
the attracting nucleus, which means they are distributed over a greater volume 
of space. The higher the energy of the electron, therefore, the larger its atomic 
orbital. Because electron energies are quantized, however, the possible sizes of 
the atomic orbitals are quantized. The size of an orbital ¡s thus indicated by 
BohrS principal quantum number ø = l, 2, 3, 4, 5, 6, 7, or greater. The first two 
sorbitals are shown in Figure 5.18. The smallest s orbital is the 1z (pronounced 
“one-ess”), where l ¡is the principal quantum number. The next largest s orbital 
is the 2s and so forth. 

So we see that an atomic orbital ¡s simply a volume ofspace within which an 
electron may reside. Orbitals may therefore overlap one another in an atom. As 
shown in Eigure 5.19, the electrons ofa fluorine atom are distributed among its 
1s 2s and three 2ø orbitals.* 

The hourglass-shaped ø orbital illustrates the significance of the wave nature 
of the electron. Unlike the case with a real hourglass, the two lobes of this 
orbital are not open to each other, and yet an electron freely moves from one 
lobe to the other. To understand how this can happen, consider an analogy 
from the macroscopic world. A guitar player can gently tap a guitar string at Its 
midpoint (the 12th fret) and pluck ¡t elsewhere at the same time to produce a 
high-pitched tone called a harmonic. Close inspection of this string, shown in 


FIGURE 5.19 


The Ruorine atom has ñve overlapping 
atomic orbitals that contain ¡its nine elec- 
trons, which are not shown. 


*For reasons that are beyond the scope of this text, the 1ø orbiral does not exist. The smallest 
øorbiral ïs therefore the 2ø. Other nonexistent orbitals are the 12 24 1£ 2ƒ and 3/ 
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†1s 


FIGURE 5.18 


The 2zorbital is larger than the 
1zorbital because the 2saccom- 
modates electrons of greater 
energy. 


.= What do poets and scientists 


have ïn common? They both use 
metaphors to help us understand 
abstract concepts and relation- 
ships. The “orbital,”for exarnple, is 
a metaphor that helps us visual- 
ize an invisible reality. Scientific 
models are essentially equivalent 
†o the metaphorical language 
used ïn poetry. 

MORE TO EXPLORE: 
G. Abiisdris, A. Casuga, “Models 
and Metaphors,” The Science 
Teacher, Sept. 2OOI. 
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The guitar string can oscillate on 
both sides of the 12th-fret node 
even when the string ¡s plucked 
on only one side of the node. 
'This occurs because waves can 


pass through the node. 


* 


k" 1 „.\ \ 
QUANTIZED WHISTLE I 
wavelengths are not a multiple of the 
ou can “quantize” your whistle by length of the tube. 
whistling down a long tube, sụch Try experimenting with tubes of 


c£Prự¿, 
W 


Eigure 5.20, reveals that ¡t oscillates everywhere along the string excepr at the 
point direcdly above the 12th fret. This point oŸzero oscillation is called a 7ø. 
Although there ¡is no motion at the node, waves nonetheless travel through it. 
Thus, the guitar string oscillates on both sides of the node when only one side 
¡s plucked. Similarly, the point between the two lobes ofa ø orbital is a node 
through which the electron may pass——but only by virtue of its ability to take 
on the form ofa wave. 


Distinguish between an orbïtaÏ and one of Bohr's orbits. 


Was thỉs your answer? An orbit is a đistinct path followed by an object in ïts 
revolution around another object. In Bohr's planetary model of the atom, he 
proposed an analogy between electrons orbiting the atomic nucleus and 
planets orbiting the sun. 

An atomic orbital is a volume oƒ space around an atomic nucleus where 
an electron of a given energy wïilÌ most likely be found. What orbits and 
orbitals have in common is that they both use Bohr's principal quantum 
number to indicate energy levels ïn an atom. 


Bohr§ planetary atomic model postulated discrete energy values for electrons 
in order to account for spectral data. The electron-wave model goes further and 
shows that discrete electron energy values are a natural consequence of the elec- 
tron confnement to the atom. While Bohrs planetary model accounts for the 

~generation of light quanta, the wave model takes things a step further by treat- 
¡ng light and matter in the same way——both behaving sometimes like a wave 
and sometimes like a particle. As abstract as the wave model may be, its predic- 
tive successes indicate that it presents a more fundamenral description of the 
atom than does Bohrs planetary model. 

Eor a deeper conceptual understanding of chemistry the remaining sections 
of this chapter focus on the details of how electrons arrange themselves within 


CHEMISTRY 


as the tube from a rol] of wrap- 
ping paper. First, without the tube, 
Wwhistle from a high pitch to a Ìow 


pitch. Do it ïn a single breath and as 


loud as you can. Next, try the same 


thỉng while holding the tube to your the tube, the consequence is a quan- 
lips. Ah-ha! Note that some frequen- tization ofits frequencies.When an 


cies simply cannot be whistled,no 
matter how hard you try. These fre- 


quencies are forbidden because theïr the electron's energy. 


đifferent lengths. To hear yourself 
more clearly, use a flexible plastic 
tube and twist the outer end toward 
YOUT ©aT. 

When your whistle is confined to 


electron wave ïs confined to an atom, 
the consequenece is a quantization of 
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the orbitals of an atom. These details are not vital to your further exploration of 
chemistry. You could, for example, study only up to this point and begin 
Chapter 6 without much difficulty. But consider thís: the quality and character 
of a song is determined by how irs musical notes are arranged. In a similar 
manncr, the quality and character of an atom is determined by how its elec- 
trons are arranged. Ifyour goal is to appreclate the intricacies of music, you 
need to learn about the possible arrangements of musical notes. Similarly, If 
your goal is to appreciate the intricacies of chemistry, you need to learn about 
electrons and their possible arrangements within the atom. The remaining sec- 
tions of this chapter are offered for students with the time and energy to delve 
into these details. The reward ¡s a deeper insight into the heart and soul of 
chemistry. 


* s.6 Energy-Level Diagrams Describe How Orbitals 
Are Occupied 


n the early 20th century, physicists learned that electrons have a property 
called søzz. Spin can have two states, and these states are analogous to a 
balÏ spinning either clockwise or counterclockwise, as shown in Figure 5.21. 
Two electrons that have opposite spins are able to occupy the same atomic 
orbital. Each orbital, therefore, has a capacity for two, but no more than two, 
electrons. 

WWe can combine this spin concept and our orbital model to “build” atoms 
electron by electron. This ¡is done by using what ¡s called an energy-level 
diagram, shown ¡n Figure 5.22. Each box r€presents an orbital, each electron 
IS represented by an arrow, and two electrons spinning in OPPOsite direc- 
tions in the same orbital are shown as two arrows pointing in opposite 
directions. 


Clockwise electron spin - } Counterclockwise electron spin 


s orbital 


FIGURE 5.21 


Two electrons having opposite spins may pair together ¡n an atomic orbital. 
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FIGURE 5.22 : ; : 
sorbitals  porbitals dorbitals forbitals 


This energy-level diagram shows High energy 


the relative energy levels of MũƑ TFOV 
7p 


` 5 : : nucleus) Š ` 
atomic orbitals in a multielectron + a————— XI 
¡„ 5ƒ 


atom (in this case rubidium, Rb, 
ii 
6p 


atomiIc number 37). 


LBIMIHIMEHHILI 
mua 
p 


[-]P-Il¬] 
4p 
JÍ¬I[] 
ập 


mẽ“ 
2p 


Low energy 


(close to 1s Rubidium, Rb 


nucleus) 


Consider the lithium atom, Lï (atomic number 3), which has three electrons. 
In which orbitals do you suppose lithium$ electrons are most likely to be found? 
As indicated in Figure 5.22, the lower a box is located ¡n the diagram, the lower 
the energy of the orbital it represents. Low-energy orbitals are the ones that 
allow the electrons to get closest to the nucleus. Thus, these low-energy orbitals 
are the ones that tend to get filled first. Accordingly, a lithium atom in its lowest 
energy state, as depicted below, has two electrons filling the 1s orbital and the 
third electron ¡n the 2s orbital. 


1s Lithium, Li 


A boron atom, B (atomic number 5), in its lowest energy state has four of its 
five electrons filling the 1sand 2s orbitals. Its ñÍth clectron may reside in any one 
of the 2ø orbitals, all of which are at the same energy level: 
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H BDIDI 
25 


T1 Boron,B 


A carbon atom, C (atomic number 6), has six electrons. Five of them occupy 
the 1s, 2s, and 2ø orbitals just as the clectrons in boron do. Carbon§ sixth elec- 
tron, however, has a choice of either pairing up with the fifth electron in the 
same 2ø orbital or entering a 2ø orbital of its own: 


bể 


j 2p 


Because electrons have a natural repulsion for one another, they do not begin to 
pair up in the same orbital until all the other orbitals at the same energy level are 
singly occupied. Electrons in separate orbitals tend to spin ¡n the same direction, 
and so the arrows should be shown all pointing in the same direction until pair- 
¡ng is necessary. For these reasons, the two 2ø electrons ofa carbon atom in its 


lowest energy state are In separate 2ø orbitals and are drawn pointing ¡n the 
same direction: 


Eị BINB 
2s 


2p 


1s Carbon,C 


There is no pairing of2ø electrons In the nitrogen atom, N (atomic number 
7), which has seven electrons. The oxygen atom, © (atomic number 8), how- 
ever, has eipht electrons, two of which are forced to pair up in one 2ø orbital (ít 
doestrt matter which one). 


m BIBEI 1n HBIE 
BỊ Bị BI 


2s 2p 
1s Nitrogen,N 1s Oxygen,O 


How electrons enter orbitals of the same energy level, such as the three 2ø 
orbitals, is not unlike a bunch of strangers boarding a bus with double seats. 


163 


164 


CHAPTER 5 


ATOMIC MODELS 


Pretend these strangers prefer to occupy double seats alone. Only afrer all the 
seats are sinply occupied do the strangers begIn to palr up. 


The arrangement of electrons in the orbitals of an atom ¡is called the atoms 
electron configuration. The electron configuration ofany atom can be shown 
in an energy-level diagram like Figure 5.22 by placing that atom$ electrons in 
the orbitals in order ofincreasing energy level. Also, renember to pair electrons 
of opposite spin In an orbital only when necessary. 


1. How many 3đ orbitals are there? 
2. Fillin this energy-level diagram for sodium, Na (atomic number 1): 


Ð 
R 3d 


3s 
RỊ 
2p 
2s 


Were these your aniswers? 

1. There are five 3đ orbitals,each represented by one box ïn an energy-Ìevel 
điagram. These 3đ orbitals differ from one another by theiïr spatial orien- 
tations and shapes, as shown in Table 5.1. 

2. Begin with the lowest-energy orbital, which is the 1s. Place two electrons 
ïn each orbital, using oppositely oriented arrows to represent the oppo- 
site spins of the electrons. Sodium 1i electrons fill the 1s, 2s, and all three 
2p orbitals. The 1rth electron resides alone ïn the 3s orbital. 


An abbreviated way of presenting electron configuration is to write the prin- 
cipal quantum number and letter of each occupied orbital and then use a super- 
script to indicate the number of electrons in each orbital. The orbitals of each 
atom are then written In order of increasing energy levels. For the group 1 ele- 
ments, this notation is 
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HydrogenH ¡: 

Lithium, Li lự 2° 

Sodium, Na 157252273: 

Potassium, K 1522:2203sˆ30°4:' 

Rubidium,Rb_ 1:22;?2/3:73/54:?32'94p°5: 

Cesium, Cs lễ 129258 'Ð°33ˆ3p°4:23a4'94g55 s24a4'95 056 ‹' 

Francium, Fr 1522:72053s3p54s232419455 :244!95p56s”4ƒ1*5d' °6ø57,' 


Note that all the superscripts for an atom must add up to the total number of 
electrons in the atom——] for hydrogen, 3 for lithium, I1 for sodium, and so 
forth. Also note that the orbitals are not always listed in order of principal quan- 
tum number. The 4s orbital, for example, is lower in energy than the 3⁄orbitals, 
as is Indicated on the energy-level diagram of Figure 5.22. The 4s orbital, there- 
fore, appears øøƒøz£ the 3đ/orbital. 

The properties ofan atom are determined mostly by its outermost electrons, 
the ones farthest from the nucleus. These are the electrons toward the “outer 
surface” of the atom and hence the ones in direct contact with the external envi- 
ronment. Elements that have similar electron confgurations in their outermost 
orbitals, therefore, have similar properties. For example, ¡in the alkaline metals 
ofgroup 1, shown above, the outermost occupied orbital (shown ¡in blue) is an s 
orbital containing a single electron. In general, elements in the same øroup of 
the periodic table have similar electron confgurations in the outermost orbitals, 
which explains why elements in the same group have similar propertles——a con- 
cept first presented in Section 2.6. 


* s7 Orbitals of Similar Energies Can Be Grouped 
into ShelTls 


| Kế having comparable energlies can be grouped together. As shown in 

Eigure 5.23, no other orbital has energy similar to that of the 1s orbital, 
and so this orbital is grouped by ¡tself. The energy level of the 2s orbital, how- 
ever, is very close to the energy level of the three 2ø orbitals, and so these four 
orbitals are prouped together. Likewise, the 3s and three 3ø orbitals, the 4s, ñve 
34 and three 4ø orbitals, and so on. The result is a set of seven distinct horizon- 
tal rows o£ orbitals. 

The seven rows in Figure 5.23 correspond to the seven periods ¡n the periodic 
table, with the bottom row corresponding to the first period, the next row up 
from the bottom corresponding to the second period, and so on. Furthermore, 
the maximum number of electrons each row can hold is equal to the number of 
elements in the corresponding period. The bottom row in Eigure 5.23 can hold 
a maximum of two electrons, and so there are only two elements, hydrogen and 
helium, in the ñirst period of the periodic table. The second and third rows up 
from the bottom each have a capacity for eight electrons, and so eight elements 
are found in both the second and third periods. Continue analyzing Eigure 5.23 
in this way, and you will ñnd 18 elements in the fourth and fifth periods, and 
32 elements in the sixth and seventh periods. (As of this writing, the discovery 
of only 26 seventh-period elements has been confirmed.) 

Recall from Secton 5.5 that the higher the energy level ofan orbital, the far- 
ther away an electron in that orbital is located from the nucleus. Electrons ¡n the 
same row o£ orbitals in Figure 5.23, therefore, are rouphly the same distance 
from the nucleus. Graphically, this can be represented by converging all the 
orbitals in a given row into a single three-dimensional hollow shell, as shown in 
Figure 5.24. Each shell is a graphic representation ofa collection of orbitals of 
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FIGURE 5.23 


High energy 
Orbitals of comparable energy 
levels can be grouped together to _ 
g1ve rise tO a set Of seven rows Of Seventh row capacity: Dj BIRRIBIEI 
orbitals. 2S ESUPEIE : 6d [+ PJ 
7s B 


Tim”  NN Jin nố.. 
g 4£ 
THIÊN LJHIH EIEJPIEIE- 
5s 


Fourth row capacity: & E] R] Pj P-] 
4p 
3d 


18 electrons F] 
4s 
Third row capacity: [-¬] 
8 electrons E] 3p 
3s 
Second row capacity: 
8 electrons F-] 
2s 


First row capacity: 
2 electrons -] 


Low energy 


FIGURE 5.24 


"The second row of orbitals, 
which consists of the 2s and three 
2ø orbitals, can be represented 
either as a sinele smooth, spheri- 
cal shelÏ or as a cross section of 


such a shell. 


Second row of orbitals Second row of orbitals Second row of orbitals 
(all 2s and 2p orbitals (highly simplified (cross-section of highly 


combined) Dperspective) simplified perspective) 
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(a) 


FIGURE 5.25 


(a) A cutaway view of the seven shells, with the number of electrons each shell 
can hold indicated. (b) A cwo-dimensional, cross-sectional view of the shells. 
(c) An easy-to-draw cross-sectional view that resembles Bohrs planetary model. 


comparable energy in a multelectron atom. As youÏÏ see in the next section, this 
sbell zolel of the atom allows us to explain much about the organization of the 
periodic table. 

The seven rows of orbitals in Figure 5.23 can thus be represented either by a 
series of seven concentric shells or by a series of seven cross-sectional circles of 
these shells, as shown ¡n Figure 5.25. The number of electrons each shelÏ can 
hold ¡s equal to the number oforbitals it contains multiplied by 2 (because there 
can be two electrons per orbital). 

You fll in electrons in a shell diagram just as in an energy-level diagram—— 
electrons ñrst ÑÏl the shells closest to the nucleus. Also, in accordance with the 
strangers-on-a-bus analogy, electrons do not begin to pair in a shelÏ until the 
shell ¡s half-filled. Figure 5.26 on page 168 shows how this works for the first 
three periods. As with energy-level diagrams, there is one shell for each period, 
and the number of elements in a period is equal to the maximum number of 
electrons the shells representing that period can hold. 


CONCE c | 
g 
How many orbitals make up the fourth shell? What is the electron capacity 
of this shell? 


Were these your answers? There are nine orbitals in the fourth shell. In 
order of increasing energy level, they are the one 4s orbital, the five 3đ 
orbitals, and the three 4p orbitals. Because each orbital can hold two elec- 
trons, the total electron capacity of the fourth shelÏ is 2x 9 = 18 electrons, 
which is the same number of elements found ïn the fourth period of the 
periodic table. 


In the next section, we explore how the shell model can be used to explain 
perlodic trends. An even further simplihed shell model, known as an e/2e/zøø- 
đo£ sfrucf„re, 1s then developed in Chapter Ố to assist you In understanding 
chemical bonding. As you use these models, please keep in mind that electrons 
are not really confined to the “surface” of one shelÏ or another. Instead, any 
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First- 
period 
elements 


&) 


Hydrogen 


Second- 
period 
elements 


Lithium Beryllium 


Third- 
period 
elements 


Sodium 


Two-time Nobel laureate Linus 
Pauling (1901—1994) was an early 
proponenr of teaching beginning 
chemistry studenrts a shell model 
from which the organization of the 
pertodic table could be described. 
In this model, as is described here, 
orbitals are grouped according to 
enerøy level. However, this shell 
model differs from that found in 
advanced physics and chemistry 
textboks, which identify a shell as a 
group oforbitals that all havc the 


same principal quantum number. 
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Helium 


@ @ @ @ @ @ Ô 


Boron Carbon Nitrogen Oxygen Fluorine Neon 


©) 


Magnesium 


Aluminum Silicon Phosphorus Sulfur Chlorine Argon 


-FIGURE 5.26 


The frst three periods of the periodic table according to the shell model. Elements 
¡n the same period have electrons in the same shells. Elements in the same period 
differ from one another by the number ofelectrons in the outermost shell. 


thorough description of electrons in an atom must involve the orbitals these 
shells represent. For the purpose of an elementary understanding of chemistry, 
howevcr, the simplified shell model ¡s very useful. 


*® s.8 The Periodic Table Helps Us Predict Properties 
of Elements 


arger particles of sand can be separated from smaller particles by tossing 
the sand up and down over a wire-mesh screen. AlÏ particles larger than the 
holes in the screen stay above the screen, and all particles smaller than the holes 
p2ss through. Now imagine a membrane in which the pores (analogous to the 
holes in a screen) are so tiny that the membrane can be used to separate two diÍ- 
ferent-sized molecules, say nitrogen, N;, and oxygen, O;. This would be a 
remarkable fcat because the diameters ofthese molecules differ by no more than 
0.02 nanometer (2 x 10”°' meter). Which would you expect to pass through 
such a membrane more readily: nitrogen molecules or oxygeen molecules? 

To answer this question, you need look no further than the periodic table, 
which allows you to make fairly accurate predictions about the properties both 
oFatoms and of the molecules they form. For instance, the farther to the left and 
lower down in the table an elemenrt is, the larger the atoms of that elemenr are. 
Conversely, the farther to the ripht and higher up ¡n the table an element is, the 
smaller the atoms of that element are. Knowing this, you can predict that oxy- 
gen atoms, being ¡n the same row Øz/ /zr/ber £o te ?/eb¿, are smaller than nitro- 
gen atoms, which means oxygen molecules are smaller than nitrogen molecules. 
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FIGURE 5.27 


The composition ofair passing through this membrane changes from 2l percent 
oxygen to up to 44 percent oxygen because the larger nitrogeen molecules get left 


behind. 


The smaller oxygen molecules, therefore, would pass through the membrane 
more readily. In fact, such membranes exist, and they are being developed as a 
cost-effective means of separating atmospheric nitrogen Írom oxygen, as shown 
in Figure 5.27. 

Recall from Chapter 2 that a gradual change ín properties as we move in any 
direction in the periodic table ¡s called a ø£z7øzc zrew⁄. Most periodic trends can 
be understood from the perspective of the simpliRed shell model, and underly- 
¡ng most trends are two important concepts: 772/z-sÖeÏÏ s7ell7e and eƒf2cizue 
?wclear char€. 

Imagine you are one of the two electrons ¡n the shell oFa helium atom. You 
share this shell with one other electron, but that electron doesnit affect your 
attraction to the nucleus because you both have the same “line o£ sipht” to the 
nucleus. As shown in Figure 5.28, you and your neighbor electron sense a 
nucleus of two protons, and the two ofyou are equally attracted to ït. 

The situation is different for atoms beyond helium, which have more than 
one shell occupied by electrons. In these cases, inner-shell electrons weaken the 
attraction between outer-shell electrons and the nucleus. Imagine, for example, 
you are that second-shell electron in the lithium atom shown ¡n EFigure 5.29. 
Looking toward the nucleus, what do you sense? Not just the nucleus but also 
the two electrons ¡n the frst shell. These two inner electrons, with their negative 
charge repelling your negative charge, have the effect of weakening your electri- 
cal attraction to the nucleus. This ¡s inner-shell shielding——inner-shell elec- 
trons shield electrons farther out from some of the attractive pull exerted by the 
positively charged nucleus. 

Because inner-shell electrons diminish the attraction outer-shell electrons 
have for the nucleus, the nuclear charge sensed by outer-shelÏ electrons is always 
less than the actual charge of the nucleus. This diminished nuclear charge expe- 
rienced by outer-shell electrons ¡s called the effective nuclear charge and ¡s 


First Kao 


Helium 


FIGURE 5.28 


"The two electrons in a helium 
atom have equal exposure to 
the nucleus; hence, they experi- 
ence the same degree of attrac- 
tion, represented by the pink 
shading ¡in the space between 
the nucleus and the shell 
boundary. 


First shell 


| Second shell.. 


Lithium 


_FIGURE 5.29 


Lithium$ two first-shell electrons 
shield the second-shell electron 
from the nucleus. The nuclear 
attraction, again represented by 
pink shading, ïs less intense in 
the second shell. 
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Ï Chlorine Potassium 

| +17 Actual nuclear charge +19 Actual nuclear charge 

ị —10 Inner-shell electrons —18_ Inner-shell electrons ị 
+7 Effective nuclear charge +1 Effective nuclear charge 


| (a) (b) 


FIGURE 5.30 


(a) A chlorine atom has three occupied shells. The 2 + 8 = 10 electrons of the Inner 
two shells shield the 7 electrons of the third shell from the +17 nucleus. The third- 
shell electrons therefore experience an effective nuclear charge of 17 — 10 = +7. 

(b) In a potassium atom, the fourth-shell electron experiences an effective nuclear 
charge of 19 — 18 = +]. 


abbreviated Z* (pronounced “zee-star”), where Z7 stands for the nuclear charge 
and the asterisk indicates this charge appears to be less than it actually ¡s. The 
second-shell electron in lithium, for example, does not sense the full effect of 
lithium$ +3 nuclear charge (there are three protons ¡n the nucleus of lithium). 
Instead, the total charge on the ñrst-shell electrons, —2, subtracts from the 
charge of the nucleus, +3, to give an effective nuclear charge of +] sensed by the 
second-shell electron. 

For most elements, subtracting the total number ofinner-shell electrons from 
the nuclear charge provides a convenient estimate of the effective nuclear 
charge, as Figure 5.30 illustrates. 


THE SMALLEST ATOMS ARE AT THE UPPER RIGHT 

OF THE PERIODIC TABLE 

Erom left to right across any row of the periodic table, the atomic diameters get 
sailer. Lets look at this trend from the point of view of effective nuclear 
charge. Consider lithium$ outermost electron, which experiences an effective 
nuclear charge of +1. Then look across period 2 to neon, where cach outermost 
electron experiences an effective nuclear charge of +8, as Figure 5.31 shows. 
Because the outer-shell neon electrons experience a preater attraction to the 
nucleus, they are pulled in closer to it than ¡s the outer-shell electron ¡n lithium. 
So neon, although nearly three times as massive as lithium, has a considerably 
smaller diameter. Ín general, across any period from left to right, atomic diame- 
ters become smaller because of an increase in effective nuclear charge. Look back 
to Elgure 5.26 and you wilÍ see this trend illustrated for the first three periods. Ín 
additon, Eigure 5.32 shows relative atomic diameters as estimated Írom experi- 
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| Lithium Neon 


FIGURE 5.31 


Lithium$ outermost electron experiences an effective nuclear charge of+1, while 
those of neon experience an effective nuclear charge of +8. As a result, the outer- 

shell electrons in neon are closer to the nucleus than ¡s the outer-shell electron in 
lithium, and so the diameter of the neon atom ¡s smaller than the diameter of the 
lithium atom. 


menrtal data. Note there are some exceptions to this trend, especially between 
groups 12 and 13. 

Moving down a group, atomic diameters get lareer because of an increasing 
number of occupied shells. Ñ/hereas lithium has a small diameter because it has 
only two occupied shells, francium has a much larger diameter because it has 
seven occupied shells. 


FIGURE 5.32 


Relative atomic diameters indicated by height. Note that atomic size generally 
đecreases in moving to the upper right of the periodic table. 
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Lithium 


Smaller distance, 
Stronger force 


Greater distance, 
weaker force 


Cesium 


s_According to the classical laws of 
physics, gold, Au, should be white 
ïn color, much like ïts group 11 
neighbor silver, Ag. In the early 
19OOS, however, Einstein discov- 
ered that the nature of certain 
things changes markedly at 
speeds approaching the speed of 
light (soo,ooo km/). The 
mmomentum of an object,for 
example, becomes more than ïts 
mass tỉmes velocity. In heavier 
atoms like gold, where greater 
nuclear charge tugs on electrons, 
the speeds ofinnermost elec- 
trons are about 6o percent the 
speed of light.The ]arger rela- 
†ivisticmmomentum causes these 
electrons to draw closer to the 
nucleus, which becomes more 
effectively shielded. This,ïn tum, 
allows gold”s outer-shel] elec- 
trons to absorb violet and blue. 
The absorption ofthese compo- 
nents of white light results in 
reflection of red and yellow, 
which combine to produce the 

___ Characteristic gold color. 

| MORE TO EXPLORE: 

—_N.Kaltsoyamnis, “Relativistic 

Effects in Inorganic and 

Organometallic Chemistry,” 

J. Chem. Soc., Dalton Trans.,1,1997. 

www.hull.ac.uk/php/chsajb/ 

heavy_ho/sdmetals.html 


FIGURE 5.33 


In both lithium and cesium, the outermost electron experiences an effective nuclear 
charge of +1. The outermost electron in a cesium atom, however, is not held as 
strongly to the nucleus because oŸits greater distance from the nucleus. 


Which ïs larger, a sulfur atom, S (atomic number 16), or an arsenic atom, As 
(atomic numnber 33)? Consult the periodic table that appears on the inside 
front cover of this textbook. 


Was this your answer? The arsenic atom is larger because ït is positioned 
closer to the lower left corner of the periodic table. Note that you didnt need 
†o memorize some long list of atomic sizes nor look to Figure 5.32 in order to 
answer this question. Instead, you were able to use a common periodic table 
as a tool to help you find the answer. 


THE SMALLEST ATOMS HAVE THE MOST STRONGLY HELD ELECTRONS 


How strongly electrons are bound to an atom is another property that changes 
gradually across the periodic table. In general, the trend is that the smaller the 
atom, the more tightly bound its electrons. 

As discussed earlier, effective nuclcar charge increases in moving from left to 
right across any period. Thus, not only are atoms toward the right in any period 
smaller, but their electrons are held more strongly. It takes about four times as 
much energy to remove an outer electron from a neon atom, for example, as to 
remove the outer electron from a lithium atom. 

Moving down any group, the effective nuclear charge generally stays the 
same. The effective nuclear charge for all group 1 elemenrts, for example, 1s 
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FIGURE 5.34 


Trends ín ionization energy. The attraction an atomic nucleus has for the outer- 
most electrons ¡n an atom indicated by height. Note that atoms at the upper 
right tend to have the greatest ionization energy and those at the lower left the 
least. 


about +1. Because of their greater number of shells, however, elements toward 
the bottom ofa group are larger than elements toward the top ofthe group. The 
electrons in the outermost shelÏ are therefore farther from the nucleus by an 
appreciable distance. From physics we learn that the electric force weakens rap- 
idly with increasing distance. As Figure 5.33 ¡llustrates, an outer-shell electron 
in a larger atom, such as cesium, ¡s not held as tightly as an outer-shell electron 
¡in a smaller atom, such as lithium. As a consequence, the enerey needed to 
remove the outer electron from a cesium atom is about haÏf the energy needed to 
remove the outer electron from a lithium atom. 

The combination ofincreasing effective nuclear charge from left to ripht and 
Increasing number oÊ shells from top to bottom creates a periodic trend in 
which the electrons in atoms at the upper ripht of the periodic table are held 
most stronely and the electrons in atoms at the lower left are held least strongly. 
Thị ¡s reflected in Eigure 5.34, which shows ionization energy, the amount of 
energy needed to pull an electron away from an atom. The greater the ioniza- 
tion energy, the greater the attraction between the nucleus and its outermost 
electrons. 


cK 


Which loses one of ïts outerrnost electrons more easïly: a francium atom, Fr, 
or a helium atom, He? 


Án 


s According to Einsteins theory of 
special relativity, at 6o percent 
the speed of light, gold's inner- 
most electrons experience onÌy 
52 seconds for each 1 of our min- 
utes. A diamond may be forever, 
but the ïnnermost electrons of 
gold are 8 seconds per minute 
slowl 

__MORE TO EXPLORE: 
www.en.wikipedia.org/wiki/ 
Special_relativity 
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ATOMIC MODELS 


Was thỉs your answer? A francium atom loses electrons much more easily 
than does a helium atom. Why? Because a francium atoms electrons are not 
held so tightly by ïts nucleus, which ïs buried deep beneath many layers of 
shielding electrons. 


How strongly an atomic nucleus is able to hold on to the outermost electrons 
in an atom plays an Important role in determining the atoms chemical behavior. 
Nhat do you suppose happens when an atom that holds its outermost eÌlectrons 
only weakly comes into contact with an atom that has a very strong pulÏ on its 
outermost electrons? As we explore in Chapter 6, either the atom that pulls 
strongly may swipe one or more electrons from the other atom or the two atoms 
may share electrons. The result in either case ¡s the formation ofa chemical 


bond. 


5 In Perspective 


n this chapter we have gone into a fair amount o£ detail regarding atomic 
models. We discussed how electrons are arranged around an atomic 
nucleus. Rather than moving in neat orbits like planets around the sun, elec- 
trons are wavelike entities that swarm in various volumes ofspace called 4/ø7e 
øzbz£zl.. Furthermore, atomic orbitals of comparable energy can be grouped 
together and represented by a single s2e// Such a shell should not be taken liter- 
ally. Rather, the shelÏ rebresents a region of space within which electrons of sim- 
ilar energy are most likely to be found. 

Remember that these models are not to be interpreted as actual rebresenta- 
tions oÊ the atoms physical structure. Rather, they serve as tools to heÌp us 
understand and predict how atoms behave ¡in various circumstances. These 
models, therefore, are the foundation of chemistry and the key to a richer 
understanding of the atomic and molecular environment that surrounds us. 


| KEY TERMS 
| 


Physical model A representation ofan object on some 
convenient scale. 


Conceptual model A representation ofa system that 
helps us predict how the system behaves. 


Wavelength The distance betwcen two crests ofa 
Wave. 


Wave frequency A mcasure of how rapidly a wave 
oscillates. The higher this value, the greater the amount 
Of energy in the wavc. 


Electromagnetic spectrum “The complete range of 
waves, Írom radio waves to gamma rays. 


Spectroscope A device that uses a prism or diffraction 
grating to separate lipht into Its color components. 


Atomic spectrum The pattern of Írequencies of 
electromagnetic radiation emitted by the atoms ofan 
element, considered to be an elements “ñngerprint.” 


Quantum hypothesis The idea that light energy Is 
contained in discrete packets called quanta. 


Quantum A smaill, discrete packet of lipht energy. 


Photon Another term for a single quantum oflight, a 
name chosen to emphasize the particulate nature of 


light. 


CHAPTER HIGHLIGHTS 


MODELS HELP US VISUALIZE THỂ INVISIBLE 
WORLD OF ATOMS 


1. Ifa baseball were the size of Earth, about how large 
would its atoms be? 


2. When we use a scanning probe microscope, do 
we see atoms directly or do we see them only 
indirectly? 


3. Why are atoms Invisible to visible light? 

4. What is the difference between a physical model 
and a conceptual model? 

LIGHT IS A FORM OF ENERGY 


5. Does visible light constitute a large or small portion 
of the electromagnetic spectrum? 
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Principal quantum number, ø Ân integer that 
specifes the quantized energy level ofan atomic orbital. 


Probability cloud The pattern of electron positlons 
plotted over time to show the likelihood ofan electrons 
being at a given position at a given time. 

Atomic orbital A region ofspace in which an electron 


in an atom has a 90 percent chance of being located. 


Energy-level diagram IDrawing used to arrange 
atomic orbitals in order of energy levels. 


Electron confguration “The arraneement of electrons 
1n the orbitals ofan atom. 


Inner-shell shielding The tendency ofinner-shell 
electrons to partially shield outer-shell electrons from 
the nuclear charge. 


Effective nuclear charge The nuclear charge 
experienced by outer-shell electrons, diminished by the 
shielding effect ofinner-shell electrons. 


lonization energy The amount ofenergy required to 
remove an electron from an atom. 


6. Why does ultraviolet light cause more damage to our 
skin than visible light? 


7. As the frequency of lipht Increases, what happens to 
1s energy? 


8. What does a spectroscope do to the light coming 
from an atom? 


ATOMS CAN BE IDENTIFIED BY THE LIGHT 
THEY EMIT 
9. What causes an atom to emit light? 


10. Why do we say atomic spectra are like ñngerprints 
of the clements? 


11. What did Rydberg note about the atomic spectrum 
of hydrogen? 
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NIELS BOHR USED THE QUANTUM HYPOTHESIS 
TO EXPLAIN ATOMIC SPECTRA 


12. ÑWhat ¡s a photon? 


13. Which has more potential energy: an electron cÌose 
to an atomic nucleus or one far from an atomIc 
naucleus? 


14. What happens to an electron as ¡it absorbs a photon 
oflight? 


15. Did Bohr think ofhis planetary model as an accu- 
rate representation of what an atom looks like? 


ELECTRONS EXHIBIT WAVE PROPERTIES 


16. About how fast does an electron travel around the 
atomic nucleus? 


17. How does the speed ofan electron change its fun- 
damental nature? 


18. Who developed the equation that relates the Inten- 
sity ofan electrons wave to the electrons most probable 
location? 


ENERGY-LEVEL DIAGRAMS DESCRIBE HOW 
ORBITALS ARE OCCUPIED 


19. How many electrons may reside in a single orbital? 


20. How many 2ø orbitals are there, and what ¡s the 
total number of electrons they can hold? 


21. What atom has the electron confguration 1s” 2s” 22”? 


CONCEPT BUILDING @broinNrr B8 NrrRMroiArr  rxprrr 


31. Ifan atom were the size ofa baseball, its nucleus 
would be about the size of a(n) 


a. walnut. 
b. raisin. 
c. ea. 

đ. atom. 


32. ® A beam ofprotons and a beam of neutrons of the 
same energy are both harmfUl to living tissue. The beam 
of neutrons, howevcr, ¡s less harmful. Suggest why. 


33. # About how many times larger is a bacterium 
comparced to an atom? 


34. #8 Nhat color are galllum and arsenic atoms? 


35. ® How is it possible for an atom to emit visible 
light even thouph the atom ¡s smaller than the wave- 
length of visible light? 


36. ® Is the head ofa politician really made of 
99.99999999 percent empty space? 


22. Which electrons are most responsible for the physi- 
cal and chemical propertles of an atom? 


ORBITALS OF SIMILAR ENERGIES CAN BE 
GROUPED INTO SHELLS 


23. What do the orbitals in a shell have in common? 
24. How many orbitals are there in the third shell? 


25. How ¡is the number of shells an atom ofa given ele- 
ment contains related to the row of the periodic table in 
which that element ¡is found? 


26. What ¡s the relationship between the maximum 
nưmber of electrons each shell can hold and the num- 
ber ofelements in each period of the periodic table? 


THE PERIODIC TABLE HELPS US PREDICT 
PROPERTIES OF ELEMENTS 


27. How would you know from looking at the periodic 
table that oxygen, © (atomic number 8), molecules 

are smaller than nitrogen, N (atomic number 7), 
molecules? 


28. What ¡s effective nuclear charge? 


29. How many shelÏs are occupied by electrons in a 
gold atom, Âu (atomic number 79)? 


30. Based on the periodic trend ofatomic diameter, 
which should be larger, an atom of technetium, Tc 
(atomic number 43), or an atom of tantalum, Ta 
(atomic number 73)? 


tr, . '$ ta + Lá * £ + Y N 
ˆ 42; ‡ CA ke on Y2. 
“" II Cố 2# Hy nẺ =.=.. Â XS. cv Lâm. Yên 


37. 4 WWith scanning probe microscopy technoloey, we 
see not actual atoms, but rather images of them. Explain. 


38. 8 Why ¡s it not possible for a scanning probe 
microscope to make images of the inside ofan atom? 


39. ® What do the components ofa conceptual model 
have In common? 


40. ® Would you use a physical model or a conceptual 
model to describe the following: brain, mind, solar sys- 
tem, birth of universe, stranger, best friend? 


41.® Would you use a physical model or a conceptual 
model to describe the following: a gold coin, dollar bill, 
car engine, air pollution, virus, spread of sexualÏy trans- 
mitted disease? 


42. @ Nhat ¡is the functon of£an atomic model? 


43. ® Nhat ¡s the relationship between the light emit- 
ted by an atom and the energies of the electrons in the 
atom? 


44. ® What color is white light? 


45. 8 What color do you see when you cÏose your eyes 
while in a dark room? Explain. 


46. ® Nhat must a vibrating object have in order to 
?enerate electromagnetic waves? 


47. ® Nhat vibrates within an atom as ít emits electro- 
magnectic waves? 


48. ® How might you distinguish a sodium-vapor 
street light from a mercury-vapor street light? 


49. 4Í How can a hydrogen atom, which has onÌy one 
electron, create so many spectral lines? 


50. #' Suppose a certain atom has four energy levels. 
Assuming that all transitions between levels are possi- 
ble, how many spectral lines will this atom exhibit? 
WWhich transition corresponds to the hiphest-enerey 
lipht emitted? Which corresponds to the Ïowest-energey 
light emitted? 


Nucleus 


51.® An electron drops from the fourth energy level 
in an atom to the third level and then to the first level. 
TWwo frequencies of lipht are emitted. How does their 
combined energy compare with the energy of the sin- 
gle frequency that would be emitted ¡f the electron 
dropped from the fourth level directly to the frst level? 


52. Figure 5.14 shows three energy-level transitions 
that produce three spectral lines in a spectroscope. Note 
that the distance berween the ø= 1 and ø= 2 levels ïs 
greater than the distance between the ø = 2 and ø= 3 
levels. Would the number of spectral lines produced 
change ¡f the distance between the ø= l and ø= 2 lev- 
els were exactly the same as the distance between the 
= 2 and 7ø = 3 levels? 


53.  Which color of light comes from a greater 
energy transition, red or blue? 


54. $ How does the wave model ofelectrons orbiting 
the nucleus account for the fact that the electrons can 
have only discrete energy values? 


55. 8 What might the spectrum ofan atom look like If 
the atom$ electrons were not r€stricted to particular 
energy levels? 


56. #' How does an electron get from one lobe ofa 
orbital to the other? 
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57. ® Lipht ¡s emitted as an clectron transitions Írom a 
higher-energy orbital to a lower-energy orbital. How 
long does it take for the transitlon to take place? At what 
point In time is the electron found between the rwo 
orbitals? 


58. 4 Why ¡s there only one spatal orientation for the 
zorbital? 


59. ® In which lobe ofa ø orbital is an electron more 


likely found? 


60. @ When an electron vibrates within an atom does 
it vibrate within the same orbital or between different 


orbitals? 


61. ® In some instances electromagneuc radiation 
behaves like a wave. [n other instances electromagnetic 
radiation behaves more like a particle. Which behavior 
more accurately describes the true nature of electro- 
magnetic radiation? 


62. 8 A portable radio tunes into a radio station. A 
beam of visible light hits a metal plate causing the metal 
plate to lose an electron. In which of these two scenar- 
ios does the clectromagnetic radiatlon behave as a wavc? 
Asa particle? 


63. # An atom absorbs or emits only particular Íre- 
quencies of light. White light bends into a glass prism 
and separates into a rainbow o£colors. In which of 
these two scenarios does the electromagnetic radiation 
behave as a wave? As a particle? 


64. ® What do probability clouds and atomic orbitals 
help us visualize? 


65. $ Some older cars vibrate loudly when driving at 
particular speeds. For example, at 65 mph the car may 
be most quiet, but at 60 mph the car rattles uncomfort- 
ably. How is this analogous to the quantized energy lev- 
els ofan electron in an atom? 


66. ® How is an atomic orbital similar to a probability 
cloud? 


67. 8 Beyond the s, ø, Z2 and ƒorbitals are the 
øorbitals, whose shapes are even more complex. 
WWhy are the eorbitals not commonly discussed by 
chemists? 


68. ® Which has greater potential energy: an electron 
in a 3s orbital or an electron in a 22 orbital? 


69.  Which has greater potential enerey: an electron 
in a ásorbital or an electron in a 3Zorbital? 


70. ® What property permits two electrons to reside In 
the same orbital? 


71. $ Which requires more energy: boosting one of 
lithiums 2s electrons to the 3s orbital, or boosting one 
of beryllium% 2z clectrons to the 3z orbital? 
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72. ® Eill in these three energy-level diagrams. hy 74. ® Write the electron confguration for uranium, U 
do these three elements have such similar chemical (atomic number 92), in abbreviated notation. 
Properties? 


75. #' List these clectron conRgurations for Ñuorine, E, 
¡n order of increasine energy for the atom: 


N 
3 Sỹ E3 SP 


Oxygen,O 
Fluorine,F Fluorine, F 
152 2s22p3 3s2 1s22s22p° 


Sulfur, S Huorine, F 
1s0 2s22p° 3s2 
76. # What do the electron confgurations for the 
=ã 4 group 18 noble gases have in common? 
4 5 
77.  Place the proper number of electrons in cach 
shell: 
Selenium, Se 
73. l When does a carbon atom contain more energy—— ¬ 
. , . Sodium,Na Rubidium, Rb 
when its electrons are in the confguration on the left or 
when they are in the confguration on the righr: 
Krypton, Kr Chlorine, Cl 
Carbon,C Carbon,C 78. #4 Which element is represented in Figure 5.25 if 


152 2s? 2p? 152 2s1 2p3 all seven shells are ñlled to capacity? 


79.  Which of the following two electron conigura- 
tions represents a hipher energy state? What clement is 
this? 


m 12 2ý 2/3 2P 
b. 1522522253032 


80. ® Using the abbreviated notation, give the electron 
confguratlon for stontium, Sr (atomic number 38). 


81. What do the 4s, 42, and 3Zorbitals have in 


common? 
82. ® Nhat orbitals comprise the sixth shell? 


83. ® The shell model presented in this book ¡s not 
vcry accurate. Why, then, is it presented? 


84. # “The electron configuration for sodium is 
1;225220/3:'. In which of these orbitals do the electrons 
experience the greatest effective nuclear charge? How 
about the weakest effective nuclear charge? 


85. @ What ¡s the effective nuclear charge for an 
electron ¡in the outermost shell ofa Ñuorine atom, 

F (atomic number 9)? How about one in the outermost 
shell ofa sulfur atom, S (atomic number 16)? 


86. ® Why ¡s it more diffRicult for Ñuorine to lose an 
electron than for sulfur to do so? 


87. ® Which loses its outermost electrons more easiÌy: 
bromine, Br, or krypton, Kr? 


88. @ Which loses its outermost electrons more easiy: 
zinc, Zn, or gallium, Ga? 


89. $ Does an orbital or shell have to contain electrons 
1n order to exIst? 


90. @ hy does an electron in a 7s orbital have more 
energy than one in a 1zorbital? 


91. @ Neon, Ne (atomic number 10), has a relatively 
large effective nuclear charge, and yet it cannot attract 
any additional electrons. hy? 


92. @ Which experiences a greater effective nuclear 
charge, an electron in the outermost occupiced shell of 
neon or one ¡n the outermost occupied shelÏ of sodium? 


Why? 


93. 8l An electron in the outermost occupied shell of 
which element experiences the greatest effective nuclear 
charge? 


a. sodium, Na 

b. potassium, K 

c. rubidium, Rb 

d. cesium, Cs 

e. All experience the same effective nuclear charge. 
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94. @ L¡ist the following atoms In order ofincreasing 
atomic size: thallium, TỈ; eermanium, Ge; tin, Sn; 


phosphorus, P: 


< < 


(largest) 


< 
(smallest) 


95. ® Arrange the following atoms In order of increas- 
¡ng ionization energy: tin, Sn; lead, Pb; phosphorus, D; 
arsenIc, As: 


(least) (most) 


9ó. @ Which of the following concepts underlies all 
the others: ionization energy, effective nuclear charge, 
atomICc sIze? 


97, Ít is relatively easy to pulÍ one electron away 
from a potassium atom but very difficult to remove a 
second one. se the shell model and the idea of effec- 
tive nuclear charge to explain why. 


98. @ Another interesting periodic trend is density. 
Osmium, Ô©s (atomic number 76), has the preatest den- 
sity of all elements, and, with some exceptions, the 
closer an element is to osmium in the periodic table, 
the greater its density. Use this trend to list the follow- 
¡ng elements in order of increasing density: copper, Cu; 


gold, Au; platinum, Pt; and silver, Ag: 


ÔÔÔ 6Ô cốc. acc. 56 ỐC 
(least dense) (most đense) 


99, $ How ¡s the following graphic similar to the 
energy-level diagram of Figure 5.23? se ¡t to explain 
why a gallium atom, Ga (atomic number 31), ¡s larger 
than a zinc atom, Zn (atomic number 30): 


100. ® How can an expensive white-gold ring contain 
the same amount of gold as a cheaper white-gold ring 
and yet be more dense? 
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HANDS-ON CHEMISTRY INSIGHTS 


SPECTRAL PATTERNS 


The difraction gratings used in rainbow glasses have 
lines etched vertically and horizonrally, which makkes 
the colors appear to the left and right, above and below, 
and in all corners as well. A compact disc behaves as a 
diffraction grating because its surface contains many 
TOWS Of mICTOSCODIC pIES. 

To the naked eye, a glowing element appears as onÌy a 
sinele color. However, this color is an average of the 
many different visible frequencies the element ¡is emit- 
ting. Only with a device such as a spectroscope are you 
able to discern the different frequencies. So when you 
look at an atomic spectrum, dont get confused and 
think that each frequency oflight (color) corresponds 
to a different element. Instead, remember that what 
you are looking at is all the frequencies of lipht emitted 
by a single element as its electrons make transitlons 
back and forth between energy levels. 

Not all elements produce discrete-line patterns in the 
visible spectrum. Tungsten, for example, produces the 
full spectrum o£colors (white lipht), which makes it 
useful as the glowing component ofa cars headlights, 
as shown ¡n the following photograph. Also, the sun- 
light refecting off the moon, also shown here, ¡s so 
bright and contains the ølow ofso many different ele- 
ments that it, too, appears as a broad spectrum. 


RUBBER WAVES 


A selreinforcing wave may sound beautiful on a guitar, 
but ït can spelÏ disaster for a bridge. In 1940, lipht winds 
across the Iacoma ÌNarrows in the state of ashington 
caused the newlÌy constructed Tacoma ÌNarrows Bridge to 
start oscillating at a frequency that allowed the waves to be 
self-reinforcing. As the energy of the wind was absorbed 
by the bridge, the waves grew stronger (over the course of 
several days), to the point where the bridge collapsed. 
Movie frames of this action are shown here. Cne of the 
tasks ofbuilding a durable structure, therefore, is to design 
It sụch that selÍ-rernforcing waves are not likely to form. 


QUANTIZED WHISTLE 


People watching you perform this activity may not 
believe that the audible “steps” ofyour whistling down 
the tube are not intentional. Explain quantization to 
them before allowing them to attempr this activity for 
themselves. Try to count the number of steps in your 
tubular whistle, understanding that each step ¡s analo- 
gous to an energy level in an atom. Does a longer tube 
create fewer or more steps than a shorter tube? Why ¡s 
it so dificult to whistle down a garden hose? 

Ifyou punch a few holes along the tube, you alter the 
frequencies of the standing waves that can form in the 
tube, with the result that different pitches are pro- 
duced. This is the underlying principle in sụch musical 
instruments as Ñutes and saxophones. 


| EXPLORING FURTHER 


George Gamow, 7y Years Tbaứ Shook Phụs/cs. New 
York: Dover, 1985. 


M41 Ù/storical tracing oƒquantuun theor) by so1eoni€ tUÙo 0043 
Ðart 0ƒ 11s dleUelob?n€11 


G. J. Milburn, Se0zøzzgerš Macbzzes. New York: 
X.H. Freeman, 1997. 


M7 71erstandlng oƒquanturn theory bas alreadl led to a 
7ber 0ƒS0ciet)-sbap†ng 11U£rifiows, such as te fT4715/S07; 
4 basic comjponeiuf 0ƒ all comjputens, aiul the laser, thích 
sea0s cU€rytbing {on ou† @roceries to or 0wsic. Ïíš book 
resenuit s0? 0ƒ the etUer atl ƒantastic quantu?n tecbnolo- 
1S 1Uê c41 ex)€ct 7: the ?›ext 5 Jê473. 


www.astro.uiuc.edu/~kaler/sow/spectra.html 


m4 det4/led tueb page for learning about the sbecHal paH€rms 
0ƒstars ad bouU the) are 1sểdl to siudl) te 11197U€FS€. 


www.physics.purdue.edu/nanophys 


MS 0ƒtbe Reifenberger NanopbJsics Laborator) 0ƒ Purdue 
nuUersity, tubere they look at things that are reall, reall, 
realh), reallh, reall, realh, reall) sưmall. Folloiu the in {or 
tbc tac gallery {or lots 0ƒ )p7€ttÿ piciures. 


http://particleadventure.org 


M Áz 2t0A1⁄1011n1fg 1if€f4CHU€ tucÐ tour 0ƒJu47k3, 1ewfri- 
105, 41111714tt€r, exira d1me€1ši01s, darÈ 1nattr, accelefat013, 
di tucb 1107. 


EXPLORING FURTHER 1ổ1 


www.Superstringtheory.com 


M J/}o1 tÙ7nk the tuaue uatutrc 0ƒ the elecH0i 1$ Đizaf1€, 
explre thị site [0 74ƒ071mation on ai réƒ€?ếØices to the 
potentially reUolutionar) tbeory tbat particles, [0rcés, sbac€, 
and từne are mercl) man1ftstaHoms oƒ1ncred/bly tin) 
siringt that exist 11 LÌ đli01€1S1003. 


http://en.wikipedia.org/wiki/Loop_ quantum_ gravity 


m W/k/oelia.org, an on-line encyclopedia, o[Ÿ£ri 4 0éry 
detailedl six-bart €fTJ 071 Í00Ð {IUA1EM?) @IAUÏE) 1UYiHfển 
y a loob quantu?n graUit) aádUocate. Ä seUenth part, 
turitten by a string theor) adlU0caf, đl1§CHSS€§ 1167003 
0ÖJectiowis to the Ualldity 0ƒ the Ì00) qẬUAntM?) grA071) 
££07J. 


www.ConceptChem.com 


m W7 ConccptCÖJern.com ro register your Concepbfal 
Chemistry Aluel DVD-ROM. Registered 1šểrs receiUe ƒ†ee 
tecb?ical support 4s tU€lÏ 4s acCess t0 te 4wtD0T š 471510673 
to the 0uer 600 quest7o1š 4p€aring tuitbin CCAlzuel 
Bebind-the-scene pbotos as 1U€l] as 1nt€f€St1716 11ƒ0T1df101 
about the cast, cretu, and production 0ƒ CC1liuel are also 
auailable. 
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QUARKS AND LEPTONS 
#§ 


he atom was once thought to be 

the smallest unit of matter, but 

was then found to be composed of 
electrons, protons, and neutrons. The 
question arises: are electrons, pro- 
tons, and neutrons made of still 
smaller particles? In the sarme way 
that Rutherford was able to deduce 
the atomic nucleus by bombarding 
atoms with alpha particles (Chapter 
3),evidence for the exïstence of many 
other subatomic particles has been 
obtained by bombarding the atom 
with highly energetic radiation. This 
research over the past century has 
evolved into what is known as the 
“standard model of fundamental 
particles,” which places alÏ con- 
stituents of matter within one of two 
categories: quarks and leptons. 

There are sỉx quarks and they have 
the whimsical names: up, down, 
charm, strange, top, and bottom. As 
shown in Table 1,quarks have a frac- 
tion of a charge, either +2/3 Or —1⁄3. 
The strong nuclear force binds quarks 


Hadron 
(proton) 


Hadron 
(neutron) 


TABLE 1 
Quarks 

Mass 
Flavor (GeV/c?)* Charge 
up O.OO3 +2/3 
down ©.oo6 1⁄3 
charm 1.3 +2/3 
strange Ø1 1⁄3 
†op 175 +2/3 
bottom 4-3 —1⁄3 


Leptons 
Mass 

Flavor (GeV/c?) Charge 
electron O.OOOS511 —1 
muon O.1O6 —1 
tau 1.7771 = 
e-neutrino ‹1o lô) 
m-neutrino <o.O000O2 lo 
†-neutrino <o.O02 le) 


*The GeV/c? is the unït of mass/energy commonly used by particle scientists, where 1 GeV/c? 
corresponds to about 1.78 x 1O” grams, or 1.6O x 1Oˆ° joules. 


together to form larger subatomic 
particles called hadrons. The two most 
common hadrons are the proton and 
the neutron. The proton is composed 
of two up quarks and one down, 
which gives the proton a total charge 
Of +1. The neutron is composed of one 
up and two down for a total charge of 
o. The strong nuclear force that binds 
quarks within a hadron can extend to 
neighboring hadrons. Thỉs is how pro- 
†ons and neutrons are held together 
†o form the atomic nucleus. 

The charm, strange, top, and 
bottom quarks are much less 
cornrnon. They combine to 
form a wide assortment of 
exotic hadrons, most of which 
are short-lived and only suc- 
cessfully created using high- 
energy particle accelerators. 
Interestingly, the mass of the 
quarks within a hadron is only 
a tỉiny fraction of the actual 
mnass of the hadron. As shown 
in Table 1,one up and two 
down quarks have a total mass 
of o.o12 GeV/c”.Oddly enough, 
these same three quarks com- 
bine to forrn a neutron with a 
mass of o.o4o GeV/c°! Most of 
the mass we observe from a 
nieutron or proton is actually 
the binding energy of the 


quarks manifesting itself as mass 
according to Einstein's equation E = 
mc”. In Chapter 3 you learned that the 
atom ïs mmostly empty space. Now you 
know that the nucleus ïtself is also 
mostly empty space but permeated 
by extremely powerful force fie]ds. 
There are six leptons and they all 
appear to be poïntlike particles with- 
out internal structure. Only three of 
these leptons carry a charge and have 
appreciable mass. The best-known 
charged lepton is the electron, which 
has a charge of~—1 and a tỉny rmmass of 


about one-sixth the mass of the up 
quark. Like the electron, the muon 
and tau have a charge of —1, but their 
Tnasses are rnuch greater. The mmuon 
1s about 2o7 times more massive 
than the electron, and the tau is a 
whopping 348o times more rnassive. 
Both are short-lived entities. Interest- 
ingly, the mass of the tau is great 
enough that ït is able to decay into a 
quark-containing hadron, which tells 
us that leptons and quarks are inter- 
changeable—certain leptons can 
decay to form quarks, just as certain 
quarks can decay to form leptons. 
The remaining three leptons are 
the neutrinos, which have no charge 
and practically no mass. They are 
called the electron neutrino, the 
muon neutrino, and the tau neutrino. 
All neutrinos are stable and very 
abundant, but because they are neu- 
tral and nearly massless, they onÌy 
rarely interact with matter. Most 
neutrinos, for exarmnple, pass right 
through Earth without ever interact- 
ing with a single atom. Neutrinos 
were produced ïn great abundance in 
the early universe and they continue 
to zip around mostly unhindered— 
more than a billion of them pass 
through each person every second. 
For every lepton and quark, there 
is an antilepton and an antiquark. 
These antiparticles are like mirror 
images—they have the same mnass 
but their other properties, most 
notably charge, are reversed. The 
antielectron, also called the positron, 
is identical to the electron except ït 
has a positive charge. Antiquarks 
cormbine to form antihadrons. Iwo 
antiup quarks, for example, combine 
with one antidown quark to form the 
antiproton, which has a negative 
charge. A hydrogen atom consisting 
of a positron and an antiproton is a 
stable entity.When normal matter 
and antimatter rmmeet, however, there 
ïs a total conversion of rmnass Into 
energy. The first antihydrogen atom 


was produced ïn 1995, but it quickly 
vanished ïn a puff of energy the 
mnomert it came into contact with 
normal matter. There is strong reason 
†o believe that all the matter we can 
see ïn our observable universe 1s 
made of matter—apart from the 
occasional transitory particle of anti- 
mnatter.Why matter predominates 
over antimatter is one of the great, 
yet-to-be-solved mysteries. 

Other mysteries include the ques- 
tion of what quarks and leptons 
themselves are made of. Two possible 
theories ïnclude superstring theory 
and loop quantum gravity. Super- 
string theory proposes that all forms 
of matter are simply different rnodes 
ofinfinitesimally small vibrating 
strings. The strings themselves are not 
made ofanything but curls in the fab- 
Tỉc of space, which consists of 11 
dimensions (7 of which are inaccessi- 
ble to us). Loop quantum gravity pro- 
poses that space and time are 
quantized——the smallest unit of space 
is about 1o? cubic centimeters, while 
the shortest unit of time ïs about 1o”43 
seconds, which is how long ït takes 
light to traverse from one unit of 
space to the next. According to loop 
quantum gravity, space ceases to be a 
place where objects such as particles 
tumble and interact with one another. 
At the most fundamenrtal level, matter 
and energy don't really exist. Instead, 
everything ïn the universe is nothing 
more than a network of ever-chang- 
ïng geometric relationships among 
adjacent units of time and space. 


How rnany quarks rmake the 
nucleus of a helium atom? 


Was this your answer? According 
†o the periodic table,the nucleus 
ofa helium atom consists of 2 pro- 
†ons and 2 neutrons. Thỉs adds up 
†o six up quarks plus six down 
quarks for a total of12 quarks. 


Helium nucleus 


IN THE SPOTLIGHT 
DISCUSSION QUESTIONS 


1. 


Q2 


To study smaller and smaller parti- 
cles requires slamming atoms with 
more and more powerful radiation, 
which can onÏy come from more and 
more expensive particle accelerators. 
Should superpowerful particle accel- 
erators be built? Why or why not? lf 
so, who should fund such a project? 
Would this money be better spent on 
national defense? Social programs? 


. All hadrons consist of 3 quarks and 


have a whole-number charge. 
Another class of quark-containing 
particles are the mesons, which also 
have a whole-nurnber charge but 
consist of onÌy two quarks. How is 
this possible? 


. fa1-gram body of antimatter meets 


a1O-gram body of matter,what 
mass survives? How many joules of 
energy are created? 


. Astronomiical measurements reveal 


that about 9o percent of the mass of 
the universe ïs invisible to us. This 
ïnvisible matter, also known as 

dark matter, ¡is likely to be “exotic” 
matter—very different from the ele- 
ments that make up the periodic 
table. What do you think dark mat- 
†er might be mmade of? How soon 
mnight we know the answer? 


. Astronomical raeasurements reveal 


that space is expanding at accelerat- 
ỉng rates, which makes distart 
galaxies appear to be accelerating 
away from us. Some unknown form 
of energy, known as dark energy, is 
theorized to be causing this acceler- 
ation. What rmnight be the nature of 
dark energy? How soon rnight we 
know the answer? 
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An Atomic Model Is Needed 
to Understand How Atoms 
Bond 


Atoms Can Lose or Gaïn 
Electrons to Become lons 


lonic Bonds Result 
from a Transfer of Electrons 


Covalent Bonds Result 
from a Sharing of Electrons 


Valence Electrons Determine 
Molecular Shape 


Polar Covalent Bonds Result 
from an Uneven Sharing 
of Electrons 


Molecular Polarity Results 
from an Uneven Dïistribution 
of Electrons 


HOW ATOMS CONNECT 
TO ONE ANOTHER 
3) 


Millions of years ago, the Great Plains of the United States 
were ocean. As sea levels fell and at the same time the North 
American continent rose, many isolated pockets of seawater, 
called saline lakes, formed. Over time, these lakes evaporated, 
leaving behind the solids that had been dissolved ïn the sea- 
water. Most abundant was sodium chloride, which collected 
in cubic crystals referred to by mineralogists as the rnineral 
halite. When conditions were right, halite crystals like the 
ones in this chapter”s opening photograph would grow to be 
several centimeters across. 

Why do halite crystals have such a distinct shape? As we 
explore in this chapter, the macroscopic properties of any 
substance can be traced to how ïts submicroscopic parts are 
held together. The sodium and chloride ions in a halite crys- 
tal, for example, are held together in a cubic orientation, and 
as a result the macroscopic object we know as a halite crys- 
tai is also cubic. 

Similarly, the macroscopic properties of substances mmade 
of rmnolecules are a result of how the atoms in the molecules 
are held together. For example, many of the properties of 
water are the result of how the hydrogen and oxygen atoms 
of each water molecule are held together at an andle. 
Because of this angled orientation, one side of the molecule 
has a slight negative charge and the opposite side has a 
slight positive charge. Thïs charge separation ïn water mole- 
cules gives rise to such phenomena as water's high boiling 
temperature and ïts ability to dissolve salt. 

The force of attraction that holds ions or atoms together is 
the electric force, which is the force that occurs between 
oppositely charged particles. Chemists refer to this ion-bind- 
ïng or atom-binding force as a chemical bond. In this chapter 
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Electron 
capacity 


First period ( R - 
(one occupied shell) 


Second period 
(two occupied shells) 


Neon 


Third period 
(three occupied shells) 


Fourth period 
(four occupied shells) 


Krypton 


URE 6.1 


Occupied shells in the group 18 
elements helium through kryp- 
ton. Each of these elements has a 
fñilled outermost occupied shell, 
and the number of electrons in 
cach outermost occupied shell 
corresponds to the number of 
elements in the period to which a 
particular group 18 element 


belongs. 


we explore two types of chemical bonds: the ionic bond, which holds lons 
together in a crystal, and the covalent bond, which holds atoms together 


¡na molecule. 


® 61 An Atomic Model Is Needed to Understand How 
Atoms Bond 


n Chapter 5, we discussed how electrons are arranged around an atomic 
nucleus. Rather than moving in neat orbits like planets around the sun, elec- 
trons are wavelike entities that swarm in various volumes of space called s9ø/,. 

As was shown ¡in Figure 5.25, there are seven shells available to the electrons 
¡n any atom, and the electrons fÏl these shells in order, from innermost tO Outer- 
most. Furthermore, the maximum number of electrons allowed ¡n the frst shell 
is 2, and for the second and third shells ¡t ¡s 8. The fourth and fifth shells can 
cach hold 18 electrons, and the sixth and seventh shells can each hold 32 elec- 
trons.* These numbers match the number of elements in each period (horizon- 
tal row) of the periodic table. Figure 6.1 shows how this model applies to the 
frst four elements of group 18. 

Electrons in the outermost occupied shelÏ ofany atom may play a signiicant 
role in that atoms chemical properties, including its ability to form chemical 
bonds. To indicate their importance, these electrons are called valence electrons 
(from the Latin 2/zzzzz, “strength”), and the shell they occupy ¡is called the 
valence shell. Valence electrons can be convenientÌy represented as a series of 
dots surrounding an atomic symbol. Thiĩs notation ¡s called an electron-dot 
structure or, sometimes, a Ÿ/2/s đøứ syzzPøl, in honor of the American chemist 
G. N. Lewis, who first proposed the concepts of shells and valence electrons. 
Figure 6.2 shows the electron-dot structures for the atoms important in our dis- 
cussions of 1onic and covalent bonds. (Atoms of elements in groups 3 throueh 
12 form 7e/z/lc bøz⁄, which we ]Ï study in Chapter 18.) 

hen you look at the electron-dot structure of an atom, you immediately 
know two important things about that element. You know how many valence 
electrons it has and how many of these are paired. Chlorine, for example, has 
three sets of paired electrons and one unpaired electron, and carbon has four 
unpaired electrons: 


Paired 


electrons : 
Unpaired 


MÀ Unpaired electrons 
.- electron ° 

:C| -C- 

© 
°..Š° ) 


Chlorine Carbon 


Paired valence electrons are relatively stable. In other words, they usually do 
not form chemical bonds with other atoms. Eor this reason, electron pairs in an 


*These are shells of orbitals grouped by similar energy levels rather than by principal quantum 
number. See page 167. 
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FIGURE 6.2 


"The valence electrons oỂan atom are shown in its electron-dot structure. Note that 
the frst three periods here parallel Figure 5.26. Also note that for larger atoms, not 
all the electrons in the valence shelÏ are valence electrons. Krypton, Kr, for example, 
has 18 electrons in its valence shell, as shown in Figure 6.1, but only 8 of these are 
classified as valence electrons. 


electron-dot structure are called nonbonding pairs. (Do not take this name lit- 
erally, however, for in Chapter 10 youl see that, under the right conditions, 

s3 * ” d * * * . 
even “nonbonding” pairs can form a chemical bond.) As we discuss in Section 
6.5, nonbonding pairs can have a signiRcant inHuence on the shape ofany mol- 
ecule containing them. 

Valence electrons that are unpaired, by contrast, have a strong tendency to 
participate in chemical bonding. By doïng so, they become paired with an elec- 
tron from another atom. The chemical bonds discussed ¡n this chapter alÏ result 
from either a transfer or a sharing of unpaired valence electrons. 

5 P 


cK: 


Where are valence electrons located, and why are they important? 


Was this your answer? Valence electrons are located in the outermost occu- 
pied shell of an atom. They are important because they play a leading role ïn 
determining the chemical properties of the atom. 


* 6.2 Atoms Can Lose or Gaïn Electrons to Become lons 


hen the number of protons in the nucleus ofan atom equals the number 
of electrons in the atom, the charges balance and the atom 1S electrically 
neutral. lf one or more electrons are lost or gained, as illustrated in Figures 6.4 
and 6.5, the balance is upset and the atom takes on a net electric charge. Any 
atom having a net electric charge is referred to as an ion. If electrons are lost, 


FIGURE 6.3 


Gilbert Newton Lewis 
(1875—1946) revolutionized 
chemistry with his theory of 
chemical bonding, which he pub- 
lished in 1916. He worked most 
ofhis life in the chemistry depart- 
ment of the University o£ Califor- 
nia at Berkeley, where he was not 
only a productive researcher but 
also an exceptional teacher. 
Among his teaching innovations 
was the idea of providing students 
with problem sets as a follow-up 
to lectures and readings. 
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An electrically neutral sodium 
atom contains l1 negatively 
charged clectrons surrounding | 
the 11 positively charged protons. 
of the nucleus. hen this atom 
loses an electron, the result is a 
pOSItive Ion. 


Vacant 
valence 
shall 


Na! (positive ion) 


| 11 protons 11 protons 

| 11 electrons 10 electrons 

| 0 net charge +1 netcharge 
Í 

L. = - 


protons outnumber electrons and the IonSs net charge is positive. [felectrons are 
gained, electrons outnumber protons and the ions net charge is negative. 

Chemists use a superscript to the right of the atomic symbol to indicate the 
magnitude and sign ofan ion charge. Thus, as shown ¡in Figures 6.4 and 6.5, 
the positive ion formed from the sodium atom is written Na'" and the negative 
ion formed from the fuorine atom ¡s written F””. Usually the numeral 1 ¡s 
omitted when indicating either a + or I— charge. Hence, these two Ions are 
most frequently written Na" and F7. To give two more examples, a calcium 
atom that loses two electrons is written Ca”*, and an oxygen atom that øains two 
electrons is written ©“”. (Note that the convention is to write the numeral 
before the sign, not after it: 2+, not +2.) 

WWe can use the shell model to deduce the typbe ofion an atom tends to form. 
According to this model, 4/øs /eø⁄Í to lose or gan electrois so that they enÍ up 
tuith am otuter1ost occubied shell that ¡s file to capacity. Let§ take a moment to 
consider this point, looking to Figures 6.4 and 6.5 as visual guides. 

Ifan atom has only one or only a few electrons in its valence shell, ¡t tends to 
lose these electrons so that the next shelÏ inward, which ¡s already filled, becomes 
the outermost occupied shell. The sodium atom of Figure 6.4, for example, has 
one electron in irs valence shell, which ¡s the third shell. In forming an ion, the 
sodium atom loses this electron, thereby making the second shell, which ¡s 


Elec†rons are neqgo†ively 
charged. So qaining oan 
elec†ron resul†s in a 
nego†ive ion... 


. and losing an 
elec†ron resul†s 
in a posifive ion. 


“rilled valence 
shall 


F1 (negative ion) 


| 9 _protons 9 protons 
| 9 electrons 10 electrons 
0 net charge 1 net charge ị 


An electrically neutral Ñuorine atom contains nine protons and nine electrons. 
- When this atom gains an electron, the result is a negative ion. 
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formed 


ị | 14 15 16 


FIGURE 6.6 


The periodic table is your guide to the types of ions atoms tend to form. 


already filled to capacity, the outermost occupied shell. Because the sodium 
atom has only one valence electron to Ïose, ¡t tends to form the l+ ion. 

Tf the valence shelÏ of an atom ¡s almost filled, that atom attracts electrons 
from another atom and so forms a negative ion. The Ñuorine atom of Figure 
6.5, for example, has one space available in its valence shell for an additional 
electron. After this additional electron ¡s gained, the fuorine achieves a filled 
valence shell. Fluorine therefore tends to form the ]— ion. 

You can use the periodic tabÌe as a quick reference when determining the type 
Of ion an atom tends to form. As Figure 6.6 shows, each atom of any group 
1 element, for example, has onÌy one valence electron and so tends to form the 
1+ ion. Each atom ofany group 17 element has room for one additional elec- 
tron in its valence shell and therefore tends to form the l— ion. Atoms of the 
noble gas elements tend not to form any type of ion because their valence shelÏs 
are already filled to capacity. 


What type of ion does the magnesium atom, Mg, tend to form? 


Was thỉs your answer? The mmagnesium atom (atomic number 12) is found 
in group 2 and has two valence electrons to Ìose (see Figure 6.2). lt therefore 
tends to form the 2+ ion. 


As was discussed in Chapter 5 and ¡s indicated in Figure 6.6, the attraction 
an atom nucleus has for Its valence electrons is weakest for elements on the 
left in the periodic table and strongest for elements on the right. From 
sodiums$ position ¡n the table, we see that a sodium atomsS single valence elec- 
tron ïs not held very stronply, which explains why it is so casily lost. The attrac- 
tion the sodium nucleus has for ¡ts second-shell electrons, however, is much 
stronger, which ¡s why the sodium atom rarely [oses more than one electron. 

At the other side of the periodic table, the nucleus ofa Ẩuorine atom holds 
on strongly to ¡ts valence electrons, which explains why the Ñuorine atom tends 
#0 to lose any electrons to form a positive ion. [nstead, fuorines nuclear pulÏ 
on the valence electrons ¡is strong enough to accommodate even an additional 
electron “imported” from some other atom. 


Iã = Weak nuclear attraction for valence 
electrons; tendency to form positive 
lons 


E1 = Strong nuclear attraction for valence : 


electrons; tendency to form negative ' 


lons 


L] = Strong nuclear attraction for valence 


electrons but valence shell is already : 


filled; no tendency to form ions of 
either type 


| 
! 
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_= What do the ions of the following 

.__elements have ïn common: cal- 
cium, Ca; chlorine, C]; chromium, 
Cr; cobalt, Co; copper, Cu; fluorine, 
F; iodine, I; iron, Fe; nagnesium, 
Mg; manganese, Mn; molybde- 
num,Mo; nickel, Ni; phosphorus, 
P; potassïum, K; selenium, Se; 
sodium, Na; sulfur, S; zinc, Zn? 
They are al] dietary minerals 
essential for good health, but can 
be harmful, even lethal,when 
consumed in excessive amounts. 

MORE TO EXPLORE: 

U.S.D.A. Food and Nutrition 
Information Center 
Wwww.nal.usda.gov/fnic/ 


CHEMICAL BONDING AND MOLECULAR SHAPES 


The nucleus ofa noble gas atom pulÌs so stronply on its valence electrons that 
they are very difficult to lose. Because there is no room left in the valence shell of 
a noble gas atom, no additional electrons are gained. Thus, a noble gas atom 
tends not to form an ion ofany sort. 


cK 
Why does the magnesium atom tend to form the 2+ ion? 


Was thỉs your answer? Magnesium is on the left ïn the periodic table, and 
so atoms of this element do not hold on to the two valence electrons very 
strongly. The detaïls of why this is so were explaïned in Section 5.8 using the 
concept of inner-shell shielding. For now, you need recognize only that 
because these electrons are not held very tightly, they are easily lost,which is 
why the magnesïum atom tends to form the 2+ ion. 


Using our shell model to explain how ions form works well for groups 1 and 2 
and 13 through 18. This model is too simplifed to work well for the transitlon 
metals of øroups 3 through 12, however, or for the inner transition metals, In 
general, these metal atoms tend to form positive ions, but the number of elec- 
trons lost varies. [Depending on conditions, for example, an iron atom may Ïose 
two electrons to form the FeŸ" ion, or it may lose three electrons to form the 
Fe”" ion. 


MOLECULES CAN FORM IONS 

Atoms form Ions by losing or gaining electrons. [nterestinely, molecules can also 
become ions. Ïn most cases they do so by either losing or gaining protons, which 
are the same thing as hydrogen ions, H”. (Recall that a hydrogen atom is a pro- 
ton together with an electron. The hydrogen ion, H", therefore, is simply a pro- 
ton.) For example, as is explored further in Chapter 10, a water molecule, H;O, 
can gain a hydrogen ion, H” (a proton), to form the hydronium ion, HO": 


H 
lô) THẺ H  dHị cứ 
2200 
lội H Ạ 
H 
Water Hydrogen ion Hydronium ion 


(proton) 


Similarly, the carbonic acid molecule HyCO; can lose two protons to form the 
carbonate ion CO,“ : 


| 
C = C + 
H—O“ `O—H 


Carbonic acid Carbonate ion Hydrogen ions 


(protons) 


How these reactions occur will be explored ¡in later chapters. For now, you 
should understand that the hydronium and carbonate Ions are examples of 
polyatomic ions, which are molecules that carry a net electric charge. Iable 6. l 
Ïists some commonly encountered polyatomic Ions. 


6.3 IONIC BONDS RESULT FROM A TRANSFER OF ELECTRƠONS 


TABLE 6.1 COMMON POLYATOMIC IONS 


Name Formula 
Hydronium ion H,O” 
Ammonium ion NH,” 
Bicarbonate ion HCO, ˆ 
Acetate ion CH,CO, 
Nitrate ïon NO.- 
Cyanide ion CN- 
Hydroxide ion OH- 
Carbonate ion CÓ; — 
Sulfate ion SỐ” 
Phosphate ion PB.” 


* 6.3 lonic Bonds Result from a Transfer of Electrons 


hen an atom that tends to Ïose electrons is placed in contact with an atom 

that tends to gain them, the result is an electron transfer and the forma- 

tion oÊ two oppositely charged Ions. This is what happens when sodium and 
chlorine are combined. As shown in Figure 6.7, the sodium atom Ïoses one of ts 
electrons to the chỈorine atom, resulting in the formation oFa positive sodium 
ion and a negative chỈoride ion. The two oppositely charged ions are attracted to 
cach other by the electric force, which holds them close together. This electric 
force ofattraction between two oppositely charged ions ¡s called an ionic bond. 
A sodium ion and a chloride ion together make the chemical compound 
sodium chloride, commonly known as table salt. This and all other chemical 
compounds containing Ions are referred to as ionic compounds. AÏÏ ionic com- 
pounds are completely different from the elements from which they are madc. 


Electron transfer lons formed lonic bond 
P = sp, 
Sodium and Sodium and Sodium chloride, NaCl 
chlorine atoms chloride ions 


@ 


FIGURE 6.7 


(1) An electrically neutral sodtum atom Ìoses its valence electron to an electrically 
neutral chlorine atom. (2) This electron transfer results in two oppositely charged 
ions. (3) The ions are then held together by an ionic bond. The spheres drawn 
around the electron-dot structures here and in subsequent illustrations indicate the 
relative sizes of the atoms and ions. Note that the sodium ¡on ¡1s smaller than the 
sodium atom because the lone electron ¡n the third shell is gone once the ion forms, 
lcaving the ion with only two occupied shells. The chloride ion ¡s larger than the 
chlorine atom because adding that one electron to the third shell makes the shell 
expand as a result of the repulsions among the electrons. 
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(a) The ionic compound potas- 
sium iodide, KĨ, ¡s added in 
minute quantities to commercial 
salt because the iodide ion, Ï”, ït 
contains is an essential dietary 
mineral. (b) The ionic com- 
pound sodium fuoride, NaE ¡s 
often added to municipal water 
supplies and toothpastes because 
1t is a good source of the tooth- 
strengthening fuoride ion, F”. 


(a) A calcium atom loses two elec- 
trons to form a calcium ion, Ca”". 
(b) These two electrons may be 
picked up by rwo fuorine atoms, 
transforming the atoms to two 
ñuoride ions. (c) Calcium ions 
and Ñuoride ions then join to 
form the Ionic compound calcium 
ñuoride, CaF„, which occurs nat- 
urally as the mineral Huorite. 


CHEMICAL BONDING AND MOLECULAR SHAPES 


(a) 


As điscussed in Section 2.3, sodium chÏloride 1s not sodium, nor 1s it chỈorine. 
Rather, it is a collection of sodium and chloride ions that forms a unique mate- 
rial having its own physical and chemical properties. 


Is the transfer of an electron from a sodium atom to a chlorine atom a phys- 
ical change or a chemical change? 


Was thỉs your answer? Recall from Chapter 2 that onÌy a chemical change 
involves the formation of new material. Thus this or any other electron 
transfer, because ït results in the formation of a new substance, is a chemi- 
cal change. 


As Eigure 6.8 shows, ionic compounds typically consist of elements found on 
opposite sides of the periodic table. Also, because ofhow the metals and nonmetals 
are organized in the periodic table, positive ions are øenerally derived from merallic 
elements and negative ions are generally derived from nonmerallic elements. 

For alÏ ionic compounds, positive and negative charges must balance. In sodium 
chloride, for example, there ¡is one sodium l+ ion for every chỈoride 
I— ion. Charges must also balance in compounds containing Ions that carry mul- 
tiple charges. The calcium ion, for example, carries a charee of2+, but the fÑuoride 
lon carries a charge of only I—. Because two RÑuoride ions are needed to balance 
cach calcium ion, the formula for calcium fuoride is CaF,„ as Figure 6.9 ilÏustrates. 

An aluminum Ion carrles a 3+ charge, and an oxide ion carries a 2— charge. 
Together, these lons make the ionic compound aluminum oxide, Al,O¿, the 
main component of such gemstones as rubies and sapphires. Figure 6.10 ¡llus- 


Fluorine 
atom 


Calcium 
atom 


Fluorine 
atom 


Fluorite 
(c) 
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Bonds forming 


Aluminum 
atom 


Sapphire 


(a) Two aluminum atoms lose a total of six electrons to form two aÌuminum lons, 
AIP*. (b) These six electrons may be picked up by three oxygen atoms, transforming 
the atoms to three oxide ions, ©^”. (c) The aÌuminum and oxide ions then Join to 
form the ionic compound aluminum oxide, Al,O:. 


trates the formation ofaluminum oxide. The three oxide ions ¡in Al¿Õ; carry a 
total charge of ó—, which balances the total ó+ charge of the two aluminum 
lons. [nterestingly, rubies and sapphires differ in color because of the impurities 
they contain. Rubies are red because of minor amounts of chromium ions, and 
sapphires are blue because of minor amounts oŸiron and titanium ions. 


c& = 


What ïs the chemical formula for the ionic compound magnesium oxide? 


Was thỉs your answer? Because magnesium is a group 2 element, you know 
a magnesium atom must lose two electrons to form an Mg”?* ion. Because 
oxygen is a group 16 element, an oxygen atom gains two electrons to form 
an O” ion. These charges balance ïn a one-to-one ratio, and so the formula 
for magnesium oxide is MgO. 


UP CLOSE WITH CRYSTALS l 


sodïium-free salt,which is potassium 


iew crystals of table salt with a chloride, KC],and examine these ionic 

magnifying gÌass or, better yet, a crystals, both intact and crushed. 

microscope ïf one is available. lf Sodium chỉloride and potassium chlo- 
you do have a microscope, crush the ride both form cubic crystals, but 
crystals with a spoon and examine there are significant differences. 


the resulting powder. Purchase some What are they? 
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«xà Sodium ion,NaT 


F- Chloride ion, C|” 
(a) 


FIGURE 6.11 


(a) Sodium chloride, as well as other ionic compounds, forms ionic crystals in which 
every internal ion is surrounded by ions oÊ the opposite charge. (Eor simplicity, only 
a small portion of the ion array is shown here. A typical NaC] crystal involves mil- 
lions and millions ofions.) (b) A view ofcrystals of table salt through a microscope 
shows their cubic structure. The cubic shape is a consequence of the cubic arrange- 
ment ofsodium and chÏloride ions. 


An Ionic compound typically contains a multitude ofions grouped together 
in a hiphly ordered three-dimensional array. In sodium chloride, for example, 
cach sodium ion ïs surrounded by six chloride ions and cach chloride ion is sur- 
rounded by six sodium Ions (Eigure 6.11). Overall there is one sodium ion for 
cach chloride ion, but there are no identifiable sodium-chloride pairs. Such an 
orderly array of Ions is known as an 72c crs⁄2/. On the atomic level, the crys- 
talline structure of sodium chloride is cubic, which ¡s why macroscopic crystals 
of table salt are also cubic. Smash a large cubic sodium chloride crystal with a 
hammer, and what do you get? Smaller cubic sodium chloride crystals! Simi- 
larly, the crystalline structures of other ionic compounds, such as calcium fluo- 
ride and aluminum oxide, are a consequence of how the ions pack together. 


* 6.4 Covalent Bonds Result from a Sharing 
of Electrons 


magine two chiÏdren playing together and sharing their toys. A force that 
keeps the children together ¡s their mutual attraction to the toys they share. 
In a similar fashion, two atoms can be held together by their mutual attraction 
for electrons they share. A fuorine atom, for example, has a strong attraction for 
one additional electron to fÏÏ its outermost occupied shell. As shown in Figure 
6.12, a Ñuorine atom can obtain an additional electron by holding on to the 
unpaired valence electron ofanother Ñuorine atom. This results in a situation in 
which the two fuorine atoms are mutually attracted to the same two electrons. 
Thịs type of electrical attraction in which atoms are held together by their mutual 
attraction for shared electrons ¡s called a covalent bond, where cø- signifles shar- 
¡ng and -ø2/zz# refers to the fact that valence electrons are being shared. 

A substance composed ofatoms held together by covalent bonds is a covalent 
compound. The fundamenral unit of most covalent compounds is a molecule, 
which we can now formally delne as any group ofatoms held together by cova- 
lent bonds. Eigure 6.13 uses the element fuorine to illustrate this princIple. 
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FIGURE 6.12 


The effect of the positive nuclear charge (represented by red shading) ofa fluorine 
atom extends beyond the atomS outermost occupied shell. This positive charge can 
cause the Ñuorine atom to become attracted to the unpaired valence electron ofa 
neighboring Ñuorine atom. Then the two atoms are held together in a Ñuorine mol- 
ecule by the attraction they both have for the two shared electrons. Each Ñuorine 
atom achieves a filled valence shell. 


When writing electron-dot structures for covalent compounds, chemists 
often use a straight line to represent the two electrons involved ¡n a covalent 
bond. In some representations, the nonbonding electron pairs are left out. This 
is done in Instances where these electrons play no signiiicant role in the process 
being illustrated. Here are two frequently used ways of showing the celectron- 
dot structure for a Ñuorine molecule without using spheres to represent the 
atoms: 


Remember—the straipht line in both versions represents two electrons, ø£ ƒ?27 
eácp aføm. Thus we now have two types of electron pairs to keep track of. The 
term 720Ø7ng pair refers to any pair that exists in the electron-dot structure 
ofan individual atom, and the term 227g p7? refers to any pair that results 
from formation ofa covalent bond. In a nonbonding pair, both electrons come 
from the same atom; in a bonding pair, one electron comes from one of the 


Fluorine | 
| Gaseous elemental fluorine molecule, F; | 


Covalent bond 


FIGURE 6.13 


- Molecules are the fundamental 


units of the gaseous covalent 
compound Ẩuorine, F¿„. Notice 
that in this model oFa Ñuorine 
molecule, the spheres overlap, 
whereas the spheres shown carlier 
for ionic compounds do not. 
Now you know that this differ- 
ence in representation is because 


of the difference in bond types. 
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FIGURE 6.14 


Two hydrogen atoms form a 
covalent bond as they share their 
unpaired electrons. 


fwì 


_= In between the s†ars of our 
galaxy are vast clouds of dust. 
Spectroscopic studies of this dust 
have revealed the presence of 
more than 12o kinds of mole- 
cules, such as hydrogen chloride, 
HC]; water, H,O; acetylene, H,C,; 
formic acid, HCO,H; rmethanol, 
CH.OH; methy] amine, NH,CH.; 
acetic acid,CH.CO,H; and even 
the amino acid gÌycine, 
NH,CH,CO,H. Notably, about half 
of these interstellar molecules 
are carbon-based organic mole- 
cules. As discussed ïn Chapter 4, 
the atoms originated from the 
nuclear fusion of ancient stars. 
How interesting ït ¡s that these 
atoms then joïin together to form 
molecules even ïn the deep vac- 
cum of outer space. Chemistry is 
truly everywhere. 

MORE TO EXPLORE: 
National Radio Astronomy 
Observatory 
WWW.nrao.edu/ 


FIGURE 6.15 


The two unpaired valence clec- 
trons ofoxygen pair with the 
unpaired valence electrons of two 
hydrogen atoms to form the 
covalent compound water. 
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Before bonding 


Hydrogen atom Hydrogen atom 


atoms taking part in the covalent bond and the other electron comes from the 
other atom taking part in the bond. 

Recall from Section 6.3 that an ionic bond ¡s formed when an atom that 
tends to lose electrons is placed in contact with an atom that tends to gain them. 
A covalent bond, by contrast, is formed when two atoms that tend to gain elec- 
trons are brought into contact with cach other. Atoms that tend to form cova- 
lent bonds are therefore primarily atoms of the nonmetallic elements in the 
upper right corner of the periodic table (with the exception of the noble gas ele- 
ments, which are very stable and tend not to form bond$). 

Hydrogen tends to form covalent bonds because, unlike the other group Ì 
elements, it has a fairÌy strong attraction for an additional electron. Two hydro- 
gen atoms, for example, covalently bond to form a hydrogen molecule, H;, as 
shown in Figure 6. lá. 

The number of covalent bonds an atom can form ¡s equal to the number of 
additional electrons it can attract, which is the number ¡it needs to fiÍ[ its valence 
shell. Hydrogen attracts only one additional electron, and so ¡t forms only one 
covalent bond. Oxygen, which attracts two additional electrons, ñnds them 
when it encounters two hydrogen atoms and reacts with them to form water, 
H;O, as Figure 6.15 shows. In water, not only does the oxygen atom have 
access to rwo additional electrons by covalently bonding to two hydrogen atoms 
but cach hydrogen atom has access to an additional electron by bonding to the 
oxygen atom. Each atom thus achieves a filled valence shell. 

Nitrogen attracts three additional electrons and ¡s thus able to form three 
covalent bonds, as occurs in anmonia, NH;, shown ¡in Figure 6.16. Likewise, a 
carbon atom can attract four additional electrons and is thus able to form four 
covalent bonds, as occurs in methane, CH„. Note that the number of covalent 
bonds formed by these and other nonmetallic elements parallels the type of neg- 
ative Ions they tend to form (see Figure 6.6). This makes sense, because covalent 
bond formation and negative Ion formation are both applications of the same 
concept: nonmetallic atoms tend to gain electrons until their valence shells are 


ñilled. 


Before bonding Covalent bonds formed 


Oxygen 
atom 


H “ Hydrogen 


Hydrogen Water molecule, HO 
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Nonbonding 


Before bonding | 
one pair 


H 


H 


Ammonia molecule, NH; 


Methane molecule, CH¿ 


Diamond ¡s a most unusual covalent compound, consisting of carbon atoms 
covalently bonded to one anorher in four directions. The result 1s a eØ2/zø# crJs- 
/z/, which, as shown in Figure 6.17, is a highly ordered three-dimensional net- 
work of covalently bonded atoms. This network of carbon atoms forms a yery 
strong and rigid structure, which ¡is why diamonds are so hard. Also, because a 
diamond is a group ofatoms held together only by covalent bonds, ¡it can be 
characterized as a sinple moleculel Unlike most other molecules, a diamond 
molecule ¡s large enough to be visible to the naked eye, and so it is more appro- 
prlately referred to as a 72c?0olecufe. 


How many electrons make up a covalent bond? 


Was thỉs your answer? Two——one from each participating atom. 


FIGURE 6.17 


The crystalline structure of điamond ïs best ilÌustrated by using sticks to represent 
the covalent bonds. Ir ¡s the molecular nature of diamond that is responsible for this 
mater1als unusual properties, such as its extreme hardness. 


FIGURE 6.16 


(4) A nitrogen atom attracts the 
three electrons in three hydrogen 
atoms to form ammonia, NH¿, a 
gas that can dissolve In water to 
make an effective cleanser. (b) A 
carbon atom attracts the four 
electrons in four hydrogen atoms 
to form methane, CH¿, the pri- 
mary component oÊ natural gas. 
In these and most other cases of 
covalent bond formation, the 
result is a filled valence shell for 
all the atoms involved. 
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“Dry Cleaning” is the process of 
washing clothes without water. 
The most common dry cleaning 
solvent is perchloroethylene, 
C;C],. (Can you deduce ïts chemi- 
cal structure?) The advantage of 
dry cleaning is that dirt, grime, 
and staïns are typically more sol- 
uble in the dry cleaning solvent, 
which ïs also less harsh on the 
clothing and can do a full load in 
unđder 1o mỉnutes. After a wash- 
ing cycle, the solvent is cen- 
trifuged out ofthe machine, 
filtered, distilled, and recycled for 
the next load. Clothes come out 
of the machine already dried and 
ready for folding. Perchloroethyl- 
ene, also known as perc, is rela- 
tively safe, but ït is mildly 
carcinogenic and can cause đizzi- 
ness in those who work with ït. 
An up-and-coming alternative to 
perc is supercritical carbon diox- 
ide,CO:. 


¡_MORE TO EXPLORE: 


Halogenated Solvents Industry 
Alliance, Inc.; COOL Clean Tech- 
nologies, Inc. 
WWww.co2olclean.com 
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:N:=N: 


Nitrogen,N; 


\)=E=G 


Carbon dioxide, CO; 


F9 1 
Oxygen,O; 


FIGURE 6.18 


Double covalent bonds in molecules ofoxygen, ©›, and carbon dioxide, CO,, and a 
triple covalent bond in a molecule of nitrogen, N¿. 


Ít is possible to have more than two electrons shared between two atoms, and 
Eigure 6.18 shows a few examples. Molecular oxygen, O;, which ¡s what we 
breathe, consists of two oxygen atoms connected by four shared electrons. This 
arrangemenr is called a đøj/e cøualewt bøøt or, for short, a dowble bon. As 
another example, the covalent compound carbon dioxide, CO,, which ¡s what 
we cxhale, consists of two double bonds connecting two oxygen atoms to a cen- 
tral carbon atom. 

Some atoms can form Zz72/£ cøw4/ez£ bøzz¿, In which six electrons—three from 
cach atom——are shared. One example is molecular nitrogen, N;. Most of the air 
surrounding you right now (about 78 percent) is gaseous molecular nitrogen, N›. 

Any double or triple bond ¡s often referred to as a 7//7pÍe coualent bo. 
Multiple bonds higher than these, such as the quadruple covalent bond, are not 
commonly observed. 


*® 6. Valence Electrons Determine Molecular Shape 


olecules are three-dimensional entities and therefore best depicted in 

three dimensions. Ñe can translate the two-dimensional electron-dot 
structure representine a molecule into a more accurate three-dimensional ren- 
dering by using the model known as valence-shell electron-pair repulsion, 
also called VSEPR (pronounced “ves-per”). According to this model, electron 
pairs in a valence shelÏ strive to get as far away as possible from all other elec- 
tron pairs in the shell. This includes nonbonding pairs and any bonding pairs 
or groups of bonding pairs held together in a double or triple bond. Note that 
the VSEPR model talks about the repulsions between pairs of electrons, not 
between the two electrons in a pair. (Recall that the electrons In a palr can stay 
together because of their opposite spins.) Ít is this striving for maximum sepa- 
ration distance between electron pairs that determines the geometry of any 
molecule. 

"The two-dimensional electron-dot structure for methane, CH¿, is 


P 90° 
—CÀh 
h 


H 


In this structure, the bonding electron pairs (shown as straight lines representing 
one electron from cach atom) are set 90° apart because that ¡s the farthest apart 
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they can be shown in two dimensions. hen we extend to three dimensions, 
however, we can create a more accurate rendering ¡n which the four bonding 
paIrs are 109.5” apart: 


Stereo image 


These two renderings of methane are s/7o 7⁄øe£—you can see them in three 
dimensions by looking at them cross-eyed so that they appear to overlap. You 
can think of this three-dimensional structure as follows: the central carbon atom 
has one hydrogen atom sticking out oỂ its top and ¡is supported on a tripod 
whose legs are formed by the three lower C-H bondi. 

Draw the four triangles defñned by the hydrogen atoms in the stereo images 
of CH¡¿ above (one triangle being the base, the other three being the three verti- 
cal faces) and you ÏÏ see that the shape of the methane molecule is a pyramid that 
has a triangular base supporting three other triangles that meet at the pyramid 
apex. Ín geometry, a pyramid that has a triangular base is given the special name 
/etrabedrøøw, and so chemists say that the methane molecule Is /£/edz2È 


Stereo image of tetrahedral methane molecule 


The VSEPR model allows us to use electron-dot structures to predict the 
three-dimensional geometry of simple molecules. This geometry is determined 
by considering the number oÝ ss/7/ezs surrounding the central atom. A subs- 
tituent is any atom or nonbonding pair of electrons surrounding some central 
atom. The carbon ofthe methane molecule, for example, has four substituents— 
the four hydrogen atoms. The oxygen atom ofa water molecule also has four 
substituents——two hydrogen atoms and two nonbonding pairs of electrons: 


Central atom Central atom Lobes used to 

with four H with four indicate space 

substituents 1. | sibsttuens ` | occupied by 
BÉ =G== @»` O—H_ nonbonding pair 


| 
H H 


Methane, CH„ Water,HO 


As shown in Table 6.2, when a central atom has only two substituents, the 
øeometry of the molecule is 2z, meaning a single straight line may be drawn 
passing through both substituents and the central atom. Three substituents 
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6.2 MOLECULAR GEOMETRIES 


Three-Dimensional 
Geometry 


sT- 


Linear 


Tetrahedral 


xi. 
Kúi _ 


@=- 


Octahedral 


Examples 


1J”=.. 
BeH; 


O=C=O 
CO; 
O 
l) 
Ôi 9 ái 
HạCO 


Larger atoms such as phosphorus, sulfur,and xenon, are able to borrow orbitals from outer unoccupied sheT]s to allow for additional electrons 
within their outermost occupied sheT] (see Section s.7). The third shell of a sulfur atom, for exarnple, can borrow orbitals from ïts empty fourth 
shell to accommodate a tota] of 1o or even 12 electrons, rather than the usual 8 electrons. This allows sulfur to form additional bonds as occurs in 
SF„, SFs, and H,SO, (see question 75 at the end of this chapter). 


arrange themselves in a triangle the plane of which passes through the central 
atom, and so this molecular geometry is called /727g/zz plzø4z. Four substituents 
form a tetrahedron, as already discussed. Five substituents result in a /7727g//zz 
bjpyr202/221 g€Om€try, which, as yoư ÌÍ see when you do the Hands-On Chemistry 
activity on page 203, is two triangle-based pyramids sharing a base and having the 
two apexes pointing in opposite directions. Six substituents arrange themselves 
around the central atom in a geometry that, If it had a surface, would show eight 
sides. To indicate this eipht-sided geometry, this structure ¡s called øc/2øzaf, 
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hy these geometries? SimplÌy put, these are the geometries that allow for 
maximum distance between substituents. 


cK 
Why are the two oxygen atoms ïn carbon dioxide, CO., spaced 180” apart? 


Was thỉs your answer? If the two oxygen atoms were on the same side of 
the carbon atom, the bonding electrons would be relatively close to each 
other: 


s. ©) 
(5 ) Repulsive forces 
= 


O 


lncorrect geometry for 
carbon dioxide, CO› 


Because electron pairs repel one another, this is not a stable situation. 
Instead, the oxygen atoms position thernselves so that the bonding pairs of 
the two double bonds are as far from each other as possible, which is on 
opposite sides of the carbon atom,18o” apart, as shown ïn Table 6.2. 


MOLECULAR SHAPE IS DEFINED BY WHERE THE SUBSTITUENT 

ATOMS ARE 

Now that you have learned how to use VSEPR to determine molecular ø¿2/e/r}, 
you are ready to see how chemists fipure out molecular s2. What the differ- 
ence, you ask? Just this: when chemists talk about molecular geometry, they are 
talking about the relative positions of ¿ø/zy/77 surrounding a central atom in 
the molecule, both atoms and nonbonding pairs of electrons. When they talk 
about molecular shape, they are talking about the relative positions oŸ ø2jy ze 
A013 š7T0u?\l1ng a central at011. 

Eiguring out a molecular shape ïs a two-step process. The first step is to use 
VSEPR to position all substiruents, both atoms and nonbonding pairs, around a 
central atom. The second step 1s to “freeze” the orientations you Ye come up 
with so that no atom can change its position, remove all nonbonding pairs, and 
then decide what three-dimensional shape the atoms form. Lets work through a 
few examples from Table 6.2 to see what all this means. 

In any molecule in which there are no nonbonding pairs around the central 
atom, the molecular shape ¡s the same as the molecular geometry. Thus, to use 
the examples from Table 6.2, all three two-substituent molecules have both a 
linear geometry and a linear shape. Both BH; and H;CO have a triangular pla- 
nar shape, CHÍ has a tetrahedral shape, PEs a triangular bipyramidal shape, and 
SE a square bipyramidal shape. 

Now lets look at molecules that have nonbonding pairs, beginning with 
germanium chÏloride, GeC];, and its one nonbonding pair. The geometry is tri- 
angular planar, and to get the shape we ignore the nonbonding pair. This 
reveals the germanium and two chÏorine atoms held together at an angle—a 
shape known as Ó/z. Similarly, ignoring the two nonbonding pairs in a water 
molecule also reveals three atoms forming a bent shape. Now you know why 
water molecules are always depicted with the two hydrogen atoms cÏose to cach 
other like a set of mouse ears rather than as far apart as possible on opposite 
sides of the oxygen atom——there are two nonbonding pairs pushing them into 
this orientation. 

lgnoring the nonbonding pair of the ammonia molecule, NH:,¡ín Table 6.2 
means the shape is not tetrahedral because in a tetrahedron all four corners must 
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Bent (GeCl];) 


đ. 


» 


See-saw (SFa) 


®e 


Bent (H;O) Triangular pyramidal (NH:) 


Linear (XeF;) Square pyramidal (BrFs) Square planar (XeFa) 


FIGURE 6.19 
The shapes of molecules from Table 6.2. 


be equally distant from the central atom. AmmoniaS shape is thus more accu- 
rately deRned as triangular pyramidal. 

Thịs same process of ignoring the nonbonding electron pairs reveals the 
shapes of the remaining molecules of”Iable 6.2, which are shown ¡in Figure 6.19. 


What is the shape of a chlorine trifluoride rnolecule, CÌF;, which has a trian- 
gular bipyrarnidal geometry: 


F 
| 
.y 
: ì 


Was this your answer? lgnore the two nonbonding pairs, and the shape of 
the molecule is all four atoms in the same plane. They form a triangle having 
a fluorine atom at each corner and the chlorine atom sïtting at the midpoint 
ofone side: 


Call ít what you like—=most chemists call it T-shaped. There are even more 
mnolecular shapes that can be derived from the geometries in Table 6.2. How 
many can you find? How might you name them? Curious? Talk with your 
1nstructor. 
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CHEMISTRY 


*M T. 

C,Hạ; hydrogen peroxide, H,O,; and 
se toothpicks and gumdrops or acetylene, C,H,. Keep ïn mind that 
jelly beans of đifferent colors to each carbon atom must have four 
buïld models ofthe molecules covalent bonds, each oxygen must 

shown in Figure 6.19, letting the dif- have two, and each fluorine and 

ferent colors represent different ele- hydrogen mmust have only one. 

mments. No faïr peeking at the Hands-On 
Once you have become proficient Chemistry Insights at the end of 

at building these models, test your this chapter until you have mmade 

expertise by building rmodels for an honest attempt to build these 

đifluoromethane, CH,F,; ethane, molecules. 
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* 6,6 Polar Covalent Bonds Result from an Ủneven 
Sharing of Electrons 


f the two atoms ¡in a covalent bond are identical, their nuclei have the same 

positive charge, and therefore the electrons are shared ¿/7z#. Ÿe can repre- 
sent these electrons as being centrally located by using an electron-dot structure 
in which the electrons are situated exactly halfway between the two atomic sym- 
bols. Alternatively, we can draw a probability cloud (see Section 5.5) in which 
the positions of the two bonding electrons over time are shown as a series of 
dots. Where the dots are most concentrated is where the electrons have the 
øreatest probability of being located: 


In a covalent bond between nonidentical atoms, the nuclear charges are dif- 
ferent, and consequently the bonding electrons may be shared øueøjy. This 
occurs in a hydrogen-fuorine bond, where electrons are more attracted to fluo- 
rines øreater nuclear charge: 


bà 


The bonding electrons spend more time around the fuorine atom. Eor this rea- 
son, the fuorine side of the bond ¡s slightly negative and, because the bonding 
electrons have been drawn away from the hydrogen atom, the hydrogen side of 
the bond ¡s slightly positive. This separation of charge is called a đipole (pro- 
nounced “die-pole”) and is represented either by the characters ö— and ð+, read 
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FIGURE 6.20 


The experimenrally measured 
electronegativitics ofelements. 


“slightly negative” and “slightly positive,” respectively, or by a crossed arrow 
pointing to the negative side of the bond: 


+ ồ— "=> 


(ý ki ĐÈ 


So, atoms forming a chemical bond engage in a tug-ofwar for eÌectrons. 
How strongly an atom ¡s able to tug on bonding electrons has been measured 
experimentally and quantiied as the atom electronegativity. The range of 
electronegativities runs from 0.7 to 3.98, as Figure 6.20 shows. The greater an 
atom electronegativity, the greater ¡ts abiliry to pull electrons toward itself 
when bonded. Thus, in hydrogen fuoride, Ñuorine has a greater electronegativ- 
Ity, or pulling power, than does hydrogen. 

Electronegativity is greatest for elements at the upper right of the periodic 
table and lowest for elements at the lower left. Noble gases are not considered in 
electronegativity discussions because, with only a few exceptions, they do not 
parucipate in chemical bonding. 

When the two atoms in a covalent bond have the same electronegativity, no 
dipole is formed (as ¡s the case with H;) and the bond ¡s classiied as a nonpolar 
bond. When the electronegativities of the atoms differ, a dipole may form (as 
with HF) and the bond ¡s classified as a polar bond. Just how polar a bond is 
depends on the difference between the electronegativity values of the two 
atoms—the greater the difference, the more polar the bond. 

As can be seen in Figure 6.20, the farther apart two atoms are in the periodic 
table, the greater the difference in their electronegativities, and hence the greater 
the polarity of the bond between them. So a chemist need not even read the 
electronegativities to predict which bonds are more polar than others. To fñnd 
out, he or she need only look at the relative positions of the atoms in the peri- 
odic table—the farther apart they are, especially when one is at the lower left 
and one is at the upper ripht, the greater the polarity of the bond between them. 


List these bonds ïn order of increasing polarity: P—F, S—F, Ga—F, Ge—F 
(F,fluorine, atomic number 9; P,phosphorus, atomic number 15; S, sulfur, 
atomic number 16; Ga, gallium, atomic number 31; Ge, germanium,atomic 
number 32): 


(least polar) ‹ ‹ < (most polar) 
Was thỉs your answer? !ƒ/ou answered the question, or attempted to, beƒfore 


reading this answer, hooray ƒor youl You Te doïng more than reading the 
text—youTe learning chemistry. The greater the điƒƒference ïn electronegativi- 
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Nonpolar Polar 
=—=-—. = 


G: 


Electronegativity difference: 
0 0.49 0.89 1.43 


†ies between two bonded atoms, the greater the polarity of the bond, and so 
the order ofincreasing polarïty is S——F,P——F Ge——F, GQa——F. 

Note that this answer can be obtained by looking only at the relative 
positions of these elements in the periodic table rather than by calculating 
the differences ïn their electronegativities. 


The magnitude ofbond polarity is sometimes indicated by the size of the crossed 
arrow or ofthe Š+/ỗ— symbol used to depict a dipole, as shown ¡in Figure 6.2]. 

Note that the electronegativity difference between atoms in an ionic bond 
can also be calculated. For example, the bond in NaCl has an electronegativity 
difference of 2.23, far preater than the difference of 1.43 shown for the C—F 
bond ¡in Figure 6.21. 

WWhat is important to understand here ¡s that there ¡s no black-and-white 
distinction berween ionic and covalent bonds. Rather, there ¡s a gradual change 
from one to the other as the atoms that bond are located farther and farther 
apart in the periodic table. This continuum ïs illustrated in Figure 6.22. Atoms 
on opposite sides of the periodic table have great differences in electronegativ- 
ity, and hence the bonds between them are highly polar—in other words, 
ionic. Nonmetallic atoms of the same type have the same electronegativities, 
and so their bonds are nonpolar covalent. The polar covalent bond with its 
uneven s77 of electrons and slightly e22zgeatoms is between these two 
€xtremes. 


lonic Polar covalent Nonpolar covalent 
Na :F H:F F:FE 
7Ÿ. LNE-< 


Sodium fluoride Hydrogen fluoride Molecular fluorine 


FIGURE 6.22 


The ionic bond and the nonpolar covalent bond represent the two cxtremes of 
chemical bonding. The ionic bond involves a transfer of one or more electrons, and 
the nonpolar covalent bond involves the equitable sharing of electrons. The charac- 
ter oFa polar covalent bond falls berween these rwo extremes. 


FIGURE 6.21 


'These bonds are in order of 
increasing polarity from left to 
right, a trend indicatcd by the 
larger and larger crossed arrows 
and ồ+/ổ- symbols. Which of 
these pairs ofelements are far- 
thest apart in the periodic table? 


fw 


s The term electronegativily was 
coined by Linus Pauling in his 
famous 1932 publications “The 
Nature of the Chemical Bond, 
Parts I-IV.”Through these articles, 
Pauling was the first to formally 
describe the periodic trends of 
ionic, polar covalent,and nonpo- 
lar covalent bonding. Electroneg- 
ativity refers to the negative 
charge that an atom ïn a mole- 
cule picks up due to the electrons 
ït may attract. An electronegativ- 
ïty difference between t†wo atoms 
greater than 1.7 indicates an ionic 
bond.A difference of less than 1.7 
but greater than o.4ïndicates a 
polar covalent bond. Nonpolar 
covalent bonds have electronega- 
†ivity differences of less than o.4. 
There are other electronegativity 
scales, but Pauling's original 
scale has remained the most 
commonly used. 


_ MORE TO EXPLORE: 


L.Pauling, “The Nature of Chemi- 
cial Bonds, Part IV,”Journal oƒ the 
American Chermical Society 54. 
(5570), 1932. 
Www.osulibrary.oregonstate.edu 
/specialcollections/coll/pauling/ 
www.en.wikipedia.org/wiki/ 
Electronegativity 
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CHAPTER 6 


CHEMICAL BONDING AND MOLECULAR SHAPES 


* 6.7 Molecular Polarity Results from an Uneven 
Distribution of Electrons 


all the bonds in a molecule are nonpolar, the molecule as a whole is also 

nonpolar—as is the case with H;, ©„, and N¿. Ifa molecule consists of onÌy 
two atoms and the bond between them is polar, the polarity of the molecule ¡s 
the same as the polarity of the bond—as with HE, HC], and CIE 

Complexities arise when assessing the polarity ofa molecule containing more 
than two atoms. Consider carbon dioxide, CO;, shown in Eigure 6.23. The 
cause of the dipole in either one of the carbon-oxygen bonds Is oxyøeiS greater 
pull (because oxygen is more electronegative than carbon) on the bonding elec- 
trons. At the same time, however, the oxygen atom on the opposite side of the 
carbon pulls those electrons back to the carbon. The net result is an even distri- 
bution ofbonding electrons around the whole molecule. So, dipoles that are of 
equal strength but pulÏ in opposite directions in a molecule effectively cancel 
cach other, with the result that the molecule as a whole is nonpolar. 

Figure 6.24 illustrates a similar situation in boron triluoride, BE,, where 
three Ñuorine atoms are oriented 120° from one another around a central boron 
atom. Because the angles are all the same, and because each fluorine atom pulls 
on the electrons of its boron-fuorine bond with the same force, the resulting 
polarity of this molecule ïs zero. 

Nonpolar molecules have only relatively weak attractions to other nonpolar 
molecules. The covalent bonds in a carbon dioxide molecule, for example, are 
many times stronger than any forces ofattraction that might occur between two 
adjacent carbon dioxide molecules. This lack of attraction between nonpolar 
molecules explains the low boiling points of many nonpolar substances. Recall 
from Section 1.7 that boiling is a process wherein the molecules oFa liquid sepa- 
rate from one another as they øo into the gaseous phase. hen there are only 
weak attractions between the molecules ofa liquid, less heat energy ¡s required 
to liberate the molecules from one another and allow them to enter the gaseous 
phase. This translates Into a relatively low boiling point for the liquid, as, for 
instance, in the nitrogen, N›, shown in Figure 6.25. The boiling points of hydro- 
gen (H;), oxygen (O¿), carbon dioxide (CO,), and boron trifuoride (BE;) are 
also quite low for the same reason. 

There are many ¡nstances in which the dipoles of different bonds in a mole- 
cule do not cancel each other. Reconsider the rope analogy of Figure 6.24. As 
long as everyone pulls equally hard, the ring stays put. Imagine, however, that 
one person begins to case offon the rope. Now the pulls are no longer balanced, 


FIGURE 6.23 


There is no net dipole in a carbon dioxide molecule, and so the molecule is nonpo- 
lar. This is analogous to two people in a tug-of-war. As long as they pull with equal 
forces but in opposite directions, the rope remains stationary. 
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FIGURE 6.24 


The three dipoles oFa boron triluoride molecule oppose one another at 120-degree 
angles, whích makes the overall molecule nonpolar. This is analogous to three peo- 
ple pulling with equal force on ropes attached to a central ring. As long as they all 
pull with equal force and all maintain the 120-degree angles, the ring remains 
S(atIOnaT. 


Nonpolar 
molecule 


Relatively 
weak 
attraction 


Nitrogen at — 196°C Liquid N; 


FIGURE 6.25 


 NÑitrogen ïs a liquid at temperatures below its chilly boiling point of—196°C. Nitro- 

- gen molecules are not very attracted to one another because they are nonpolar. Às a 
result, the small amount of heat energy available at —196°C is enough to separate 
them and allow them to enter the gaseous phase. 
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FIGURE 6.26 


Ifone person eases ofŸin a three- 
way tug-of-war but the other two 
continue to pulÏ, the ring moves 
in the direction o£ the purple 
ATTOW. 


and the ring begins to move away from the person who is slacking off, as Figure 
6.26 shows. Likewise, If one person began to pull harder, the ring would move 
away from the other two people. 

A similar situation occurs in molecules where polar covalent bonds are not 
equal and opposite. Perhaps the most relevant example ¡s water, H;O. Each 
hydrogen-oxygen covalent bond has a relatively large dipole because of the preat 
electronegativity difference. Because of the bent shape of the molecule, however, 
the two dipoles, shown in blue in Figure 6.27, do not cancel cach other the way 
the C=O dipoles in Figure 6.23 do. Instead, the dipoles in the water molecule 
work together to give an overall dipole, shown in purple, for the molecule. 


ChEcK 


Which of these molecules is polar and which is nonpolar? 


F F H là 
» 4 ` 

C=C C=C 
/È ⁄ ` 
P F H F 


by = Was this your answer? Symrmmetry is often the greatest clue for deterrmining 
_ _ .Px. polarity. Because the molecule on the left is symmetrical, the dipoles on the 
—=" †Wo sides cancel each other. This molecule is therefore nonpolar: 


(a) The individual dipoles in a 


water molecule add together to F F H F 

give a large overall dipole for the x NNH./ 

whole molecule, shown in pur- C=C ô'ẤC—=C ls- 

ple. (b) The region around the ". “Xã //IE:-` 

oxygen atom is therefore slightly lề F H F 

negative, and the region around ; " : 
the rwo hydrogens is slightly The molecule on the right is less symmnmetrical (more “lopsided”) and so ïs 


POSItIve. the polar molecule. Because carbon is more electronegative than hydrogen, 
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WWater molecules attract one another because cach contains a sÏightÌy positive side 
and a slightly negative side. The molecules position themselves such that the positive 
side ofone faces the negative side ofa neighbor. 


the dipoles of the two hydrogen-carbon bonds point toward the carbon. 
Because fluorine is more electronegative than carbon, the dipoles of the car- 
bon-fluorine bonds point toward the fluorines. Because the general direc- 
tion of all đipole arrows is toward the fluorines, so ïs the average 
đistribution of the bonding electrons. The fluorine side of the mmolecule is 
therefore slightly negative, and the hydrogen side is slightÌy positive. 


Eigure 6.28 ilÌustrates how polar molecules electrically attract one another 
and as a result are relatively dificult to separate. Ín other words, polar molecules 
can be thought of as being “sticky,” which is why ít takes more energy to sepa- 
rate them and let them enter the gaseous phase. For this reason, substances com- 
posed of polar molecules typically have higher boiling points than substances 
composed of nonpolar molecules, as Table 6.3 shows. ÑWater, for example, boils 


-6.3 BOILING POINTS OF SOME POLAR AND NONPOLAR SUBSTANCES 


Substance Boïling Point (°C) 


Polar 

Hydrogen fluoride, HF 2O 
Water, H,O 10O 
Ammonia,NH, 33 
Nonpolar 

Hydrogen, H, 253 
Oxygen,O, 183 
Nitrogen,N; —196 
Boron trifluoride, BF. —1OO 


Carbon dioxide, CO, ~79 
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FIGURE 6.29 


Ơil and water are difficult to 
mix, as Is evident from this oil 
spIll off the coast of Spain in 
2002. Its not, however, that oil 
and water repel cach other. 
Rather, water molecules are so 
attracted to themselves because 
of their polarity that they pulÏ 
themselves togcther. The non- 
polar oil molecules are thus 
excluded and left to themselves. 
Being less dense than water, oil 
Ẩfoats on the surface, where It 
poses great danger to birds and 


other wildlife. 


at 100°C, whereas carbon dioxide boils at—79°C. “This 179°C difference ¡s quite 
dramatic when you consider that a carbon dioxide molecule is more than twice 
as massive as a water molecule. 

Because molecular “stickiness” can play a lead role in determining a sub- 
stances macroscopic properties, molecular polarity is a central concept of chem- 
istry. Figure 6.29 describes an interesting example. 


“TđircK- 


Substance A boils at 15o°C, and substance B boiïls at 3o°C. The molecules of 
these substances, represented below, are approximately the same size, but 
their shapes are different. Which substance is likely the more polar? 


Substance A 
Liquid s Gas 


sẽ %2 
150°C ¿ 
 œ 


Liquid e9 Gas 


30° / œ 
CC) l  Á 
«229/9 % %Ẳ 


Was thỉs your answer? There are two reasons to believe substance A is 
more polar. First, the A molecules are bent, which suggests they might have a 
đipole, much like water has a đipole. Second, assuming similar sizes, polar 


molecules tend to stick to one another more than nonpolar rnolecules do, 
which means the boiling points of polar substances tend to be higher. In 
other words, more heat energy is required for polar molecules to separate 
from one another. (Note that boïlïĩng ïs a physïcal change because the mole- 
cules remain intact. 


® In Perspective 


n this chapter, we explored two types of chemical bonds: ionic and covalent. 

lonic bonds are formed when one or more electrons move Írom one atom 
to another. In this way, the atoms become Ions—one positive, the other nega- 
tive—and are held together by the resulting electrical attraction. Covalent bonds 
form when atoms share electrons. hen the sharing ¡is completely equitable, the 
bond is nonpolar covalent. When one atom pulls more strongly on the electrons 
because of its greater electronesativity, the bond ïs polar covalent and a dipole 
may be formed. 

Wc also looked at how the shape ofa molecule can play a role in determining 
its polarity and how molecular polarity has a great inÍfluence on macroscopic 
behavior. Consider what the world would be like ¡f the oxypen atom in a water 
molecule did not have its two nonbonding pairs of electrons. Instead of being 
bent, each water molecule would be linear, much like carbon dioxide. The 
dipoles of the two hydrogen-oxygen bonds would cancel cach other, which 
would make water a nonpolar substance and give it a relatively low boiling point. 
Ñater would not be a liquid at the ambient temperatures of our planet, and we 
in turn would not be here discussing these concepts. Hooray for the two non- 
bonding pairs on the oxygen atoml Hooray for the insights we gain by thinking 
about the molecular realml 
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' KEY TERMS 


Valence electron An electron that ¡s located in the 
outermost occupIed shelÏ in an atom and can 
participate in chemical bonding. 


Valence shell “The outermost occupied shelÏ ofan atom. 


Electron-dot structure A shorthand notation of the 
shell model of the atom in which valence electrons are 
shown around an atomic symbol. 


Nonbonding païr 'Two paired valence electrons that 
dont participate in a chemical bond and yet inuence 
the shape of the molecule. 


lon An electrically charged particle created when an 
atom either loses or gains one or more eÌlectrons. 


Polyatomic ion An ionically charged molecule. 


lonicbond A chemical bond in which an attractive 
clectric force holds Ions ofopposite charge together. 


loniccompound Any chemical compound 
COnraining Ions. 


Covalent bond A chemical bond in which atoms are 
held together by their mutual attraction for two 
electrons they share. 


' CHAPTER HIGHLIGHTS 


| 
| 


AN ATOMIC MODEL IS NEEDED 
TO UNDERSTAND HOW ATOMS BOND 


1. How many shells are needed to account for the seven 
periods ofthe periodic table? 


2. How many electrons can ft in the first shell? How 
many ¡n the second shell? 


3. How many shells are completely filled in an argon 
atom, Ar (atomic number 18)? 


4. Which electrons are represented by an electron-dot 
structure? 


5. How many nonbonding pairs are there in the valence 
shell ofan oxygen atom? How many unpaired valence 
clectrons? 


Covalent compound An element or chemical 
compound in which atoms are held together by 
covalent bonds. 


Molecule A group ofatoms held tiphtÌy together by 


covalent bonds. 


Valence-shell electron-pair repulsion A model that 
explains molecular geometries in terms of electron 
pAIrs striving to be as far apart from one another as 


possIble. 


Substituent Án atom or nonbonding pair of electrons 
surrounding a central atom. 


Dipole A separation of charge that occurs in a 
chemical bond because of differences in the 
electronegativities of the bonded atoms. 


Electronegativity The ability ofan atom to attract a 
bonding pair of electrons to itself when bonded to 
another atom. 


Nonpolar bond A chemical bond that has no dipole. 
Polar bond A chemical bond that has a dipole. 


ATOMS CAN LOSE OR GAIN ELECTRONS 
TO BECOME IONS 


6. How does an ion differ from an atom? 


7. To become a negative ion, does an atom Ïose or gain 
electrons? 


8. Do metals more readily gain or Ìose electrons? 

9. How many electrons does the calcium atom tend 
to Ìose? 

IONIC BONDS RESULT FROM A TRANSFER 

OF ELECTRONS 

10. Which elements tend to form ionic bonds? 


11. What is the electric charge on the calcium Ion in 
the compound calcium chloride, CaC],? 


12. What is the electric charge on the calcium ïon in 
the compound calcium oxide, CaO? 


13. Suppose an oxygen atom gains two electrons to 
become an oxygen ion. hat is its electric charge? 
COVALENT BONDS RESULT FROM A SHARING 
OF ELECTRONS 

14. Which elements tend to form covalent bonds? 


15. What force holds two atoms together in a cova- 
lent bond? 


16. How many electrons are shared in a double cova- 
lent bond? 


17. How many electrons are shared In a triple cova- 
lent bond? 


18. How many covalent bonds is an oxygen atom able 
to form? 

VALENCE ELECTRONS DETERMINE 

MOLECULAR SHAPE 

19. What does VSEPR stand for? 

20. How many faces are there on a tetrahedron? 

21. What is meant by the term z//z////¿z? 


22. How many substituents does the oxygen atom in a 
water molecule have? 
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POLAR COVALENT BONDS RESULT FROM 
AN UNEVEN SHARING OF ELECTRONS 


23. What is a dipole? 


24. Which element of the periodic table has the great- 
est electronegativity? Which has the smallest? 


25. Which is more polar: a carbon-oxygen bond or a 
carbon-nitrogen bond? 


26. How is a polar covalent bond similar to an Ionic 
bond? 

MOLECULAR POLARITY RESULTS FROM 

AN UNEVEN DISTRIBUTION OF ELECTRONS 


27. How can a molecule be nonpolar when it consists 
ofatoms that have different electronegativities? 


28. Why do nonpolar substances tend to boil at rela- 
tively low temperatures? 


29. Which tends to have a greater degree of symmetry: 
a polar molecule or a nonpolar molecule? 


30. Which would you describe as “stickier”: a polar 
molecule or a nonpolar one? 
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31. How do the electron-dot structures of elements 
¡n the same group ¡n the periodic tabÌe compare with 
one another? 


32. ® How many more electrons can ft within the 
valence shelÏl oFa Ñuorine atom? 


33. ® How many more electrons can ft within the 
valence shelÏl oFa hydrogen atom? 


34. #8 What happens when hydrogen$s electron øets 
close to the valence shell ofa Ñuorine atom? 


35. #{ 'The valence electron ofa sodium atom does not 
sense the full +11 of the sodium nucleus. hy not? 


36. # The valence clectron oŸa sodium atom ¡s held 
much more tiphtÌy by the nucleus than ¡is the valencc 
electron ofa potassium atom. hy? 


37. ® How ¡s the number ofunpaired valence elec- 
trons ¡n an atom related to the number ofbonds that 
the atom can form? 


38. @ Why does the fuorine atom tend to gain only 
one electron? 


39. [An atom loses an electron to another atom. Ïs 
this an example ofa physical or chemical change? 


40. #l Why is it so easy for a magnesium atom to lose 
two electrons? 


41. Why doesnt the sodium atom gain seven electrons 
so that its third shell becomes the filled outermost shell? 


42. ® Magnesium Ions carry a 2+ charge, and chloride 
lons carry a I— chargc. What is the chemical formula 
for the ionic compound magnesium chloride? 
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43. ® Barium Ions carry a 2+ charge, and nitrogen Ions 
carry a 3— charge. What would be the chemical formula 
for the Ionic compound barium nitride? 


44. ® Does an Ionic bond have a dipole? 


45.  Why doesnt the neon atom tend to gain any 
electrons? 


46. ® WWhy doesnt the neon atom tend to [ose any 
electrons? 


47. ® Take money away from your bank account and 
the bank will show a negative credit. Take an electron 

away from an atom, however, and the atom shows up 

positive. Explain. 


48. 4 Why does an atom with few valence electrons 
tend to lose these electrons rather than gain more? 


49.  Why does an atom with many valence electrons 
tend to gain electrons rather than lose any? 


50. ® Sulfuric acid, H;SO¿, loses two protons to form 
what polyatomic ion? 


51. ® What molecule loses a proton to form the 


hydroxide ion, OH 2 


52.® What do molecules lose or gain to become 
polyatomic Ions? 


53. ® Ïs an ionic compound an example ofa chemical 
compound, or is a chemical compound an example of 
an Ionic compound? 


54. ® Nhat is an ionic crystal? 


55. Which should be larger, the potassium atom, K, 
or the potassium ion, K*? 


56. 8 Which should be larger, the potasstum ion, K”, 


or the argon atom, Ar? 


57. ® WWhich would you expect to have a higher melt- 


¡ng point: sodium chloride, NaC], or aluminum oxide, 


58. ® How many valence electrons is an oxyøen atom 
able to attract from other atoms? 


59. $ WWhich are closer together: the two nuclei within 
potassium fluoride, KE, or the two nuclei within molec- 
ular Ñuorine, F;? 


60.  'Two fluorine atoms join together to form a cova- 
lent bond. Why dort two potasstum atoms do the 
same thing? 


61.8 Many analogies can be drawn between chemical 
bonds and human relationships. For example, which ¡s 
more analogous to marriage: the ionic bond or the 
covalent bond? Which ¡s more analogous to the single 


life? 


62. ® What elemenrt ¡s well suited to forming either 
1onIc or covalent bonds? 


63.  Why doesnt a hydrogen atom form more than 
one covalent bond? 


64. $ What drives an atom to form a covalent bond: 
irs nuclear charge or the need to have a flled outer 


shell? Explain. 


65. # Is there an abrupt or gradual change between 
Ionic and covalent bonds Explain. 


66. 8 Classify the following bonds as ionic, covalent, 
or neither (©, atomic number 8; E atomic number 9; 
Na, atomic number 11; CÍ, atomic number 17; Ca, 
atomic number 20; U, atomic number 92): 


()/AAith óc... 
2i wIth GÌ... .. 
Na withNa....... 
IZWIEDICOL 0 


67. 4ˆ Atoms of nonmetallic elements form covalent 
bonds, but they can also form Ionic bonds. How is this 
possible? 


68. #8 Atoms of metallic elements can form ionic 
bonds, but they are not very good at forming covalent 


bonds. WWhy? 


69. 4 Phosphine 1s a covalent compound of phospho- 
rus, P, and hydrogen, H. What is its chemical formula? 


70. 8 WWhy ¡sa germanium chloride molecule, GeC]¿, 
bent even though there are onÌy two atoms surrounding 
the central germanium atom? 


71. Write the electron-dot structure for the ionic 
compound calctum chloride, CaC];. 


72. 64 WNrite the electron-dot structure for the covalent 
compound ethane, C„H,. 


73. 4 Write the electron-dot structure for the covalent 
compound hydrogen peroxide, H;O,. 


74. @ Write the electron-dor structure for the covalent 
compound acetylene, C,H;. 


75. 8L In two dimensions, sulfuric acid, H;SƠ/, ¡s 
often written 


Nhat three-dimensional shape does this molecule most 
likely have? 


76. ® How many substituents surround the phosphorus 
atom In PE:? 


77. # How many substituents surround the sulfur 
atom in SE¿? 


78. #' Examine the three-dimensional geometries of 
PF; and SF¿ ¡in Table 6.2. Which do you think ¡s the 


Tmmore polar compound? 
79. 8 What ¡s the source ofan atom electronepativity? 


80. @ Which bond ¡s most polar? 


82. ® In cach molecule, which atom carries the greater 
posItive charge? 


H1 


83. 8 List these bonds in order ofincreasing polarity: 


Br—FE =0) Br—Br 


s“ŠÃ 7 '° I ccC,.. CS .. 
(least polar) (most polar) 


84.  \Which ¡s more polar, a sulfur-bromine (S—Br) 
bond or a selenium—chlorine (Se—C]) bond? 


85. ® When ¡s the geometry ofa molecule not the 
same as its shape? 


86. ® How can four equilateral trianeles be made 
using only six matchsticks? 


87. # The molecular geometry of water ¡s tetrahedral, 
but its molecular shape is bent. Ïs this contradictory? 
WWhy or why not? 


88. # True or False: The greater the nuclear charge of 
an atom, the greater is its electronesativity. Explain. 


89. #{ True or False: [The more shells in an atom, the 
lower its electronegativity. Explain. 


90. # True or False: Atoms with the preatest elec- 
tronegativities are those that have the preater nuclear 
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charge, but only when the number of shells ¡s the same. 
Explain. 


91. True or False: Atoms with the greatest elec- 
tronegativity are those with the fewest number of shells, 
but only when the number ofvalence electrons is the 
same. Explain. 


92. ® ÑWhy dont oil and water mix? 


93. 4 Nater, H,O, and methane, CH„, have about the 
same mass and differ by only one type ofatom. Ñhy ¡s 
the boiling point of water so mụuch higher than that of 
methane? 


94.® An individual carbon-oxygen bond ¡is polar. Yet 
carbon dioxide, CO, which has two carbon-oxygen 
bonds, ¡s nonpolar. Why? 


95. $ Circle the molecule from cach pair that should 
have a higher boiling point (atomic numbers: CÏ = 17; 
O=8;C=6;H=]): 


CI CI H C] 
là vã 


\ \ 
a C=C€ C=C 
n À ⁄ ` 
bì H C1] H 
C] " H 
b C=O ` 
L8 CI Hì 


96. $ Circle the molecule from cach pair that should 
have a higher boiling point (atomic numbers: S = l6; 


N=7;O=8;C=6;H=l]): 


97. # Would ammonia, NH;, be more or less polar If 
its shapDe were triangular planar rather than triangular? 


98. @ Why isammonia, NH;, more polar than is 
borane, BH;? 


99. # “Three kids sitting equally apart around a table 
are sharing jelly beans. One of the kids, however, tends 
only to take jelly beans and only rarely gives one away. 
If cach jelly bean represents an electron, who ends up 
being slightly negative? ho ends up being slightly 
positive? Is the negative kid just as negative as one of 
the positive kids is positive? Ñould you describe this as 
a polar or nonpolar situation? How about ifalÏ three 
kids were equally ereedy? 


100. # Which ¡s stronger: the covalent bond that holds 
atoms together within a molecule or the electrical 
attraction between two neighboring molecules? 
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¡ HANDS-ON CHEMISTRY INSIGHTS 


UP CLOSE WITH CRYSTALS 


One thing you probably noticed under the magnify- 
¡ng glass when you compared uncrushed crystals was 
sharp, angular edges in NaC] and rounded edges in 
KCI. Then you probably found ït easier to grind the 
KCI crystals to powder. These differences have the 
same origin: a potassium Ion, K*, is larger than a 
sodium ion, Na'". 

The positive and negative Ions In a crystaÌ are 
attracted to one another by the attractive electric force 
between oppositely charged particles. The negative 
charge on a negative ion is, as we saw in Chapter 5, 
outside the nucleus, distributed among all the elec- 
trons. The positive charge on a positive ion, however, Is 
all in the nucleus. This means the positive and negative 
charges of the Ionic bond are farther apart in the com- 
pound containing the larger positive Ion: 


j===_ 
Shorter distance 
between positive 
and negative charges 


— 
Longer distance 
between positive 
and negative charges 


Because the electric force weakens with increasing dis- 
tance between the opposite charges, the KC] ionic 
bond ¡s weaker than the NaC] ionic bond. Weaker 
Ionic bonds mean that KC]Ï crystals are less resilient to 
stress and impact than are NaCÏ crystals, accounting 
for the rounder edges you observed in the KC] crystals 
and for the fact that it was easier to grind the KC] to a 
powder. 

Thịs difference in bond strength ¡s also responsible 
for many other differences in the physical properties 
of these two substances. For instance, whereas the 
melting point of NaC] ¡s 801°C, that of KC] ¡s “only” 
770°C. The 31°C difference is casy to explain in terms 
of what happens when a solid-to-liquid phase change 
occurs: the particles of the solid have to be pried apart 
from one another. The weaker ionic bonds in KCI 
mean the ions separate more casily, and the macro- 
scopic evidence of this is the lower melting point of 
KŒI. 


GUMDROP MOLECULES 


Your molecular models should look like this: 


T7 Xa 


.. 


Difluoromethane, 
CH;F;, 
tetrahedron 


Ethane, 
C;Hạ, 
†wo tetrahedrons 


H 
x = 
:O——O: 
\ 
H 
Hydrogen peroxide, 
H;O;, 
two bent shapes 
stuck together 


H=C=(..—=1 


Acetylene, 
CaH» ¡' gG—®@œ 


linear 
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www.ada.org/public/topics/fuoride/index.asp 


M 170/22 page 0ƒ the imerican Dental lssociation, toith 
may links to inƒ0rmation reearding [fuorides andl [Íuor¡- 
datton 0ƒ drinking tUater and tootbpastes. The /LDA 104$ 
0?€ 0ƒ the 0riginal tUater [Íu0?1⁄kdIlon subÐ07t€TS, sia†ig 7n 
the I940. 


www.fuoridealert.org/50-reasons.htm 


M Š. Lauzeuce U2uUersit chemistry professor, DuuỦ Conneff, 
Pj.D., prou/des 50 reasomis to oppose [fuoridation o[)pblic 


drimking tuater, corwplete tuith byperl7s t0 peer-reU/etUcdl 


Ðr0ƒess/onial, Jornal articlas. 


www.saltinstitute.org/idd.htm 


Imnerouls reborlS 0n the literdture deimonstrate the €jj£c- 
tiucness 0ƒ10dlJsedl salt 14 controling the 1ueelcdl conidlJt0012 
calledl gorter. Chec owt this site ƒoY bist0YicAal case siMđli£S 
that fist pointed to thít conclusion. Co?pating the résearcb 
đforis bebind iodised salt and [luoridatedl driniEixg tuater 


tuaRes [0 41 11nt€7€sfi1\g pT0J€CE. 


www.soils.wisc.edu/virtual_museum 


Hư page 0ƒ tbe Virtual \Muscurra 0ƒ Mineral anl Miole- 
ciules, curated by PJillip Barak öƒ the Un1U£rsit) oƒ Min- 
netota and Eởl Nater 0ƒ the UiUcrsit) oƒ W/sc0ns10. 
1Ðrougb this site, Jou 1UilÏ fimdl 1wolecular 1odlel thaf Jou 
can ?waitulate in three dliwel0s0083. Ïo đÍo s0, JØ? Đ†0005€Ƒ 
tuill nneedl to be eqfuiped tuitb the Chíme phúg-ín, tubích 
o1 may douUnloadl by ƒollouUing the byperlimks to 

tuiUtu d|.c0u(pr0dlucts(fiaimetUorkÍchi1e. 


EXPLORING FURTHER 217 


www.ConceptChem.com 


V§/# ConcebtCbơm.c0n to register Jour Concebtual Chơn- 
7tr Aluel DVD-ROM. Regist£f€iÍ 1lšểr3 rece2Ue [Tee fecD147- 
cal subport 4t tuel] 4s access f0 te autbo?'š 4101073 to te 
ouer 600 4est10715 abbearing tUitbinu CAl2uel Bebirndtbe- 
scene photos 4s tuell 4s tntcresting tn[ormation about the 
cast, creuu, a0 prodluciion 0ƒ Aluel are ao aU41ÌaÖle. 
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CHEMICAL BONDING 
AND MOLECULAR SHAPES 


Visit The Chermmistry Place at: 
WWw.aw-bc.comn/chemplace 


WATER FLUORIDATION 
# 


n the early 19oos, a young dentist, 

Frederick McKay, opened a dental 

practice in Colorado Springs, Col- 
orado. He soon discovered that rmmany 
local residents had brown, hole- 
pocketed teeth that, despite being 
unsightly, had a resistance to cavity 
formation. Following years of investi- 
gation, McKay and his colleagues 
determined that this condition was 
caused by unusually high levels of 
naturally occurring calcium fluoride 
ïn the drinking water. The condition 
became known as đental ƒluorosis. By 
the 1930s, the U.S. Public Health Ser- 
Vice began to study the idea of 
adding fluoride ïons to drinking 
water. These studies indicated that 
dental fluorosis could be avoided but 
resistance to cavity formation maiïn- 
taïned at fluoride ion concentrations 
of about 1 part per million (ppm), 
wWhich equals 1mg per liter. 

The first municipal ftuoridation 
test programs began ïn the 194Os, 
soon after World War II,which was a 
time when the general public held 
great trust in the chemical industry 
as welÏ as government. In Grand 
Rapids, Michigan, for example, 
sodium fluoride, once widely 
regarded as rat poison, was to be 
added to the municipal drinking 
water for 15 years, after which tỉme 
the program would be evaluated for 
effectiveness. Also, the upstate New 
York towns of Newburgh and 
Kingston, which had similar demo- 
graphic and water profiles, were cho- 
sen for a double study ïn which the 
water of onÌy one town (Newburgh) 
would be fluoridated. After 1o years, 
the rates of dental decay in each city 
would be compared. Halfway 
through the Newburgh/Kingston 
trial, however, the U.S. Public Health 
Service announced a preliminary 6s 
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percent decrease in dental decay. 
Word of this and other trials quickly 
spread, and soon many municipali- 
†ies were requesting water fluorida- 
tion, well before any of these initial 
trials could be completed. 

As can be expected, there were 
many who advocated against the 
fluoridation of public drinking water. 
They argued that fluoride ïs not a nat- 
ural nutrient, but a drug and indus- 
trial pollutant, and fluoridation is 
unethical because individuals are not 
beïng asked for their informed con- 
sent prior to medication. As any 
physician knows, what is good for one 
patient is not necessarily good for 
another patient. A counterargument 
to this was that fluoridation of public 
water provides a benefit to the whole 
commurity,ïncluding the underprivi- 
leged, and not just those who can 
afford good health care.Opponents to 
fluoridation, however, also pointed 
out that the long-term side effects of 
fluoride were not known. Of particu- 
lar concern would be skeletal fluoro- 
sỉs, bone cancer, and hypothyroidism. 
Believing these risks to be rmninimal 
compared to the great dental bene- 


fits, the gqovernment, motivated ïn 
large part by professional dental 
associations, continued to push for 
fluoridation. Today, about 14s million 
people in the United States regularly 
đrink fluoridated water. 

As a quick Internet search reveals, 
the fluoridation debate continues to 
be mnost vigorous. For exarnple, the 
American Dental Association, 
WwWw.ada.org, publishes a well- 
known booklet that clearly advocates 
the great benefits and minimail risks 
of fluoridating municipal drinking 
water. Each paragraph of the ADASs 
booklet, however, is carefully counter- 
argued by the author and fluorida- 
tion opponent Edward Bennett at 
www.FluorideDebate.com. Of partic- 
ular concern is the fact that drinking 
water ïn Europe is no longer fluori- 
dated. Most European nations, as wel] 
as Japan, halted water fluoridation ïn 
the 1o7os, after which their rates of 
dental caries continued to decline 
just as within the United States. Fur- 
thermore, the U.S. Center for Disease 
Control has noted the lack of evidence 
supporting the effectiveness of 
ingested fluoride. Rather, teeth 


appear to benefit by surface expo- 
sure, as occurs when the teeth are 
brushed with fluoridated toothpaste. 

In 1987, the U.S.-government- 
sponsored National Institute of Den- 
tal Research (NIDR) examined the 
†eeth of about 39,ooo schoolchildren 
aged s to 17 from 84 geographical 
areas, with and without fluoridated 
water. Analysis of this data by John 
Yiarmmouyiannis, a biochemist and 
ardent opponent of fluoridation, 
showed no mneaningful statistical dif- 
ferences between children growing 
up ïn fluoridated and nonfluoridated 
areas, except that fluoridated s- to 
6-year-olds tended to keep their baby 
teeth longer. Analysis by the NIDR of 
the same data indicated that chỉl- 
dren who have always lived in fluori- 
đated areas have 18 percent fewer 
decayed surfaces than those who 
have never lived in fluoridated areas. 
In 2oo6, the ADAS position is that 
“water fluoridation continues to be 
effective in reducing tooth decay by 
20-4ao%, even with widespread avail- 
abilïty from other sources such as flu- 
oride toothpastes.” 

As the debate continues, one thỉng 
remains certain: those who are famiil- 
iar with the basic concepts of chem- 
istry and methodologies of science 
are at a great advantage for under- 
standing the issues and for being 
able to recognize well-informed 
arguments and decisions. 


Teflon is a carbon-based molecule 
with lots of fluorine. Might floss- 
ng with Teflon-coated dental 
floss be a good way of introduc- 
ïng additional ftuoride to your 
teeth? 


Was thỉs your answer? lt ¡is the 
fluoride ion that ïs indicated to 
help prevent dental decay. Sources 
of these ions ïnclude the ionic 


comnpounds, sodium fluoride, NaF, 
or stannous fluoride, SnF,. The flu- 
orine within Teflon is not ionic. 
Rather, Teflon as a rnolecule (cova- 
lent compound) contains fluorine 
atoms covalently bound to the car- 
bon atoms. These fluorine atoms 
cannot escape the rnolecule to 
joïn ïn with the structure of tooth 
enamel. 


IN THE SPOTLIGHT 
DISCUSSION QUESTIONS 


1. In 1962, the Kettering Laboratory of 
the University of Cincinnati con- 
ducted a study in which dogs were 
exposed to calcium fluoride dust at 
a rate simulating human occupa- 
tional exposure. Thỉs study was 
funded by an industry group that 
was seeking evidence to help 
counter worker claïms of cripplïng 
skeletal fluorosis. The results of the 
study showed significant damage to 
the dog's lungs and lymph nodes. 
Consequently, the study remained 
unpublished. Should there be laws 
that prohibit the suppression of 
unfavorable research data? Try 
answering this question from the 
poïnt of view of a calcium fluoride- 
producing company that might 
have contributed millions of dollars 
†o the research. 


2. What kind of pressures might a sci- 
entist face if she điscovered evi- 
dence suggesting that fluoridated 
water had neurotoxic effects in 
rats? Assume she works for the 
government, for a government- 
funded university, for a private 
research firm not related to dental 
health, or for a professional dental 
association. 


3. The mmost comnmon form of fluoride 
added to municipal drinking water 
today is hydroflusilicic acid, H,SiFs, 
which ïs obtained from the anti- 
pollution smokestack scrubbers of 
the phosphate fertilizer industry. 
What are the advantages and dis- 
advantages of this system? lf water 
fluoridation were banned, what 


mnight become of this hydroflusilicic 
acid? 


. How could the Newburgh/Kingston 


†rials have been designed to assure 
that the results were not affected by 
the bias of profluoridation dentists 
and governmert officials? Were gov- 
ernment officials justified when 
they published the preliminary 
results? 


. Vitamin B-12 deficiency affects 


about one-quarter of the U.S. popu- 
lation and is more common in the 
elderly. This deficiency is often unde- 
tected and can lead to devastating 
and irreversible complications. 
Should vitamin B-12 be added to 
mnunicipal drinking water? Why or 
why not? 


. The town of Modesto, California 


claïms that over the course of 1O 
years they']l save at least 55 million 
and at most §32 million by not fluor- 
idating their water.How might the 
town of Modesto use this saved 
mnoney to help protect the dental 
health of all ïts cïtizens, including 
children of underemployed fami- 
lies? Should the saved money 
instead be returned to ïts citizens of 
Modesto ïn the form of lower taxes? 


. What if,hypothetically speaking, the 


element selenïum were recernrtly dis- 
covered to decrease the incidence of 
cold-virus infections by 2o=4o% 
when added to drinking water at a 
concentration of1ppm? Selenium, 
Of course, is very toxic at higher con- 
centrations, but if low concentra- 
tions in our drinking water were 
carefully mmonitored, the health ben- 
efits could outweigh the risks.What 
would be the likelihood of a govern- 
Tnent sponsored “water selenifica- 
tion”program ïn today's 
environmentally conscious and liti- 
gious society? Would you want sele- 
nium added to your drinking water? 
What questions might you have of 
governmertt- or industry-sponsored 
water selenification advocates? 
How skeptical might you be of their 
literature? 
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HOW MOLECULES 
ATTRACT ONE ANOTHER 


n0letulâar : 


Can fish drown? To many people, this question may sound 

LÔ) 0 
lI | X | | silly. Recall from Section 2.4, however, that fish do not 
ý “breathe” water. Rather, their gills are equipped to extract 


oxygen molecules mixed in with water. Fish therefore can 


71 submicroscopic Particles drown if they are in water that contains an insufficient num- 
Electrically Attract One 


ber of oxygen molecules. This is what happens when exces- 
Another 


sive amounts of organic wastes are discharged into a lake or 
T.2 A Solution Is a Single-Phase 


. river. As we explore in Chapter 16, the organic wastes are con- 
Homogeneous Mixture 


sumed by microorganisms that also use rnolecular oxygen. 
T.3 Solubility sa Measure of How 


Wwelln Solbfe GisbolNes As these microorganisms thrive, the amount of molecular 


oxygen ïn the water drops to the point where fish and many 


1-4 Soap Works by Beiïng Both 
Polar and Nonpolar 


other aquatic organisms become oxygen starved—they 
drownl 

The number of oxygen molecules that can mix with a 
given volume of water is amazingly low. Water that has been 
fully aerated at room temperature, for example, contains 
only about 1 oxygen molecule for every 2oo,ooo water mmole- 
cules, a ratio represented pictorially in the ïllustration to the 
left. The gills of a fish, therefore, must be highly efficient at 
extracting molecular oxygen from water. 

This chapter explains how many of the physical properties 
of materials are a consequence of attractions among the 
submicroscopic particles making up the materials.VVhy only 
small amounts of oxygen can mix with water, for example, 
can be explained by the fact that the attractive forces 
between water molecules and oxygen rnolecules are very 
weak.We begin by looking at four types of electrical attrac- 


tions that occur between submicroscopic particles. 
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= “The rapid progress true Sclence 


CHAPTER 7 


now makes occasions my regret- 
tỉng sometimes that | was born 
so soon. lt is impossible to imag- 
ine the heights to which may be 
carried,in a thousand years, the 
power of man over matter. O that 
moral Science were ïn as faïr a 
Wway of improvement, that men 
would cease to be wolves to one 
another, and that human beings 
would at length learn what they 
nì\ow irmproperly call humanity.” 
—Benjamin Franklin, in a let- 
ter to chemist Joseph Priestley, 
8 February 1760. 
MORE TO FXPLORE: 
Alan Houston, editor, Franklin: 
The Autobiography and Other 
Writings on Politics, Economics, 
and Virtue. Carmnbridge University 
Press, 200A. 


FIGURE 7.1 


Electrical attractions are shown as 


a series of overlapping arcs. The 
blue arcs indicate negative 
charge, and the red arcs indicate 
pOsitive charge. 


MOLECULAR MIXING 


® 71 Submicroscopic Particles Electrically Attract 


One Another 


e can think ofany pure substance as being made up ofone type of sub- 
microscopic particle. For an ionic compound, that particle is an Ion; for 
a covalent compound, ít sa molecule; and for an element, ¡t 1s an atom. 

Table 7.1 lists four types ofelectrical attractions that can occur between these 
particles. The strength of even the strongest of these attractions is many times 
weaker than any chemical bond, however. The attraction between two adjacent 
water molecules, for example, ¡is about 20 times weaker than the covalent bonds 
holding the hydrogen and oxygen atoms together in the water molecules. 
Although particle-to-particle attractions are relatively weak, you can see their 
profound efect on the substances around you. 

WWe now explore these interparticle attractions in order of relative strength, 
beginning with the strongest. 


TABLE 7.1 ELECTRICAL ATTRACTIONS BETWEEN SUBMICROSCOPIC 
PARTICLES 

Attraction Relative Strength 

lon-dipole Strongest 

Dipole-dipole 

Dipole-induced dipole 

Induced dipole-induced dipole Weakest 


IONS AND POLAR MOLECULES ATTRACT ONE ANOTHER 

You probably remember from Chapter 6 that a polar molecule is one in which 
the bonding electrons are unevenly distributed. One side of the molecule carries 
a slight negative charge, and the opposite side carries a slight positive charge. 
Thịs separation of charge is a dipole. 

So what happens to polar molecules, such as water molecules, when they are 
near an ionic compound, such as sodium chloride? The opposite charges elec- 
trically attract one another. The positive sodium ions attract the negative side of 
the water molecules, and the negative chloride ions attract the positive side of 
the water molecules. This is illustrated in Eigure 7.1. Such an attraction between 
an Ion and the dipole ofa polar molecule 1s called an 7øz—-?pø/2 affraci207i. 

lon-dipole attractions are much weaker than ionic bonds. However, a large 
number ofion-dipole attractions can act collectively to disrupt an ionic bond. 
Thịs 1s what happens to sodium chloride in water. Attractions exerted by the 
water molecules break the ionic bonds and pulÏ the ions away from one another. 


lon-dipole attractions 


“`... 
-®-›@ @@›i¡‹-@: 


Polar 
molecule 


Polar 
molecule 
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Sodium 
chloride 
crystal 


lon-dipole 
attraction 


Aqueous solution of sodium chloride 


FIGURE 7.2 


Sodium and chloride ions tightly bound ¡n a crystal lattice are separated from one 
another by the collective attraction exerted by many water molecules to form an 
aqueous solution ofsodium chloride. 


The result, represented in Figure 7.2, is a solution of sodium chÏoride in water. 
(A solution in water is called an 24£0s sol#7ø7i.) 


POLAR MOLECULES ATTRACT OTHER POLAR MOLECULES 


An attraction berween two polar molecules is called a 4Z2ølø—zzpolz afzciøøw. An 
unusually sttong dipole-dipole attracation ¡s the hydrogen bond. 'This attraction 
occurs between molecules that have a hydrogen atom covalently bonded to a 
hiphly electronegative atom, usually nitrogen, oxygen, or Ñuorine. Recall from 
Chapter 6 that the electronegativity ofan atom describes how well that atom is 
able to pull bonding electrons toward itself “The greater the atomS electronegativ- 
ity, the better ¡t is able to gain electrons and thus the more negative is its charpc. 

Look at Figure 7.3 to see how hydrogen bonding works. The hydrogen side 
ofa polar molecule (water in this example) has a positive charge because the 
more electronegative oxygen the hydrogen ¡is bonded to tugs on the electron 
with the covalent bond. This hydrogen ¡s therefore electrically attracted to a pair 
of nonbonding electrons on the negatively chareed atom ofanother molecule 
(in this case, another water molecule). This mutual attraction between hydro- 
gen and the negatively charged atom ofanother molecule is a hydrogen bond. 
Many, If not most, of the molecules discussed ¡n this textbook owe their “sticki- 
ness” to the hydrogen bonds they are able to form. 

The strenegth ofa hydrogen bond depends on two things: (1) the strength of 
the dipoles involved (this in turn depends on the difference in electronegativity 
of the atoms in the polar molecules) and (2) how strongly nonbonding electrons 
on one molecule can attract a hydrogen atom on a nearby molecule. 

Even though the hydrogen bond ¡is much weaker than any covalent or Ionic 
bond, the effects of hydrogen bonding can be very pronounccd. For example, 
Water owes many ofits properties to hydrogen bonds. The hydrogen bond is also 
Of great importance in the chemistry of large molecules, such as DA and pro- 
teins, found in living organisms. These molecules are discussed in Chapter 13. 


Dipole-dipole 
attraction 
(hydrogen 
bond) 


FIGURE 7.3 


The dipole-dipole attraction 
between two water molecules 

1s a hydrogen bond because It 
involves hydrogen atoms bonded 
to hiphly electronegative oxygen 
atoms. 
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MOLECULAR MIXING 


POLAR MOLECULES CĂN INDUCE DIPOLES IN NONPOLAR MOLECULES 


In many molecules, the electrons are distributed evenly, and so there ¡s no dipole. 
The oxygen molecule, Ô¿, ¡is an example. Such a nonpolar molecule can be 
induced to become a temporary dipole, however, when it is broughrt close to a 
water molecule or any other polar molecule, as Figure 7.4 illustrates. The sliphtÌy 
negative side of the water molecule pushes the electrons in the oxygen molecule 
away. Thus oxygenSs electrons are pushed to the side that is farthest from the 
water molecule. The result is a temporary uneven distribution ofelectrons called 
an induced dipole. The resulting attraction between the permanenr dipole 
(water) and the induced dipole (oxygen) 1s a 72ole-/luced dipole atftracHoni. 


cK 


How does the electron distribution in an oxygen mmolecule change when the 
hydrogen side ofa water molecule is nearby? 


Was this your answer? Because the hydrogen side of the water molecule is 
slightly positive, the electrons ïn the oxygen molecule are pulled foward the 
water molecule, inducing ïn the oxygen molecule a temporary dipole in 
which the larger side is nearest the water molecule (rather than as far away 
as possible, as in Figure 7.4). 


Remember, induced dipoles are only temporary. If the water molecule in 
Eigure 7.4b were removed, the oxygen molecule would return to its normal, 
nonpolar state. As a consequence, dipole-induced dipole attractons are weaker 
than dipole-dipole attractions. Dipole-induced dipole attractions are strong 
enough to hold relatively small quantities ofoxygen dissolved in water, however. 
As this chapters introduction discusses, this attraction between water and 
molecular oxygen is vital for ñsh and other forms of aquatic life that rely on 
molecular oxygen mixed in water. 

Dipole-induced dipole attractions also occur between molecules of carbon 
dioxide, which are nonpolar, and water. Ít ¡s these attractions that help keep 
carbonated beverages (which are mixtures of carbon dioxide in water) from Ìos- 
¡ng their ñzz too quickly after theye been opened. Dipole-induced dipole 
attractions are also responsible for holding plastic wrap to glass, as shown in 


Dipole-induced dipole 


attraction 
—. _ ) _ 
lsolated oxygen molecule Induced dipole Permanent dipole 
(nonpolar) (oxygen molecule) (water molecule) 


(a) (b) 


(a) An ¡solated oxygen molecule has no dipole; its electrons are distributed evenly. 
(b) An adjacent water molecule induces a redistribution of electrons in the oxygen 
molecule. (The slightly negative side of the oxygen molecule ¡is shown larger than 
the slightÌy positive side because the slightÌy negative side contains more electrons.) 
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Eigure 7.5. These wraps are made of very long nonpolar molecules that are 
induced to have dipoles when placed in contact with glass, which ¡s highly 
polar. As is discussed next, the molecules ofa nonpolar material, such as pÏastic 
wrap, can also induce dipoles among themselves. This explains how plastic 
wrap sucks not only to polar materials such as gÌass but also to itself. 


cK 


Distinguish between a đipole-dipole attraction and a dipole-induced 
dipole attraction. 


Was this your answer? The dipole-dipole attraction is stronger and involves 
†wo permanent dipoles. The dipole-induced đipole attraction ïs weaker and 
involves a permanentt dipole and a temporary one. 


ATOMS AND NONPOLAR MOLECULES CAN FORM TEMPORARY DIPOLES 
ON THEIR OWN 

Individual atoms and nonpolar molecules, on average, have a fairly even distri- 
bution ofelectrons. Because of the randomness of electron motion, however, at 
any given momenrt the electrons in an atom or a nonpolar molecule may be 
bunched to one side. The result is a temporary dipole, as shown in Figure 7.6. 

Just as the permanent dipole ofa polar molecule can induce a dipole in a 
nonpolar molecule, a temporary dipole can do the same thing. This gives rise to 
the weakest of the particle-to-particle attractions: the 772cezl d7pole—7luced 
dpole aifrewøn, 1Ìlustrated in Figure 7.7. 

Temporary dipoles are more significant for larger atoms. This is because the 
electrons in larger atoms have more space available for random motion and a 
greater likelihood of bunching together on one side. The electrons in smaller 
atoms are less able to bunch to one side because they are confined to a smaller 
space. The resulting greater electrical repulsion tends to keep these electrons 
evenly spread out. So ït is larger atoms——and molecules made of Ïarger atoms—— 
that have the strongest induced dipole-induced dipole attractions. 

As shown in Eigure 7.8, nonpolar iodine molecules, I;, are relatively large. 
Because of this, they have a greater attraction for one another than do relatively 


| Induced dipole— | 
| induced dipole attraction 


Because the normally even distribution of electrons in atoms can momentarily 
become uneven, atoms can be attracted to one another by induced dipole— 
induced dipole attractions. 


_FIGURE 7.5 


Temporary dipoles induced in 
the normally nonpolar molecules 
in plastic wrap makes it stick to 
glass. 


Temporary dipole 
in argon 


argon 


FIGURE 7.6 


The electron distribution in an 
atom is normally even. At any 
given moment, however, the 
electron distribution may be 
somewhat uneven, resulting in 
a temporary dipole. 


226 


.(a) 


CHAPTER 7 


lodine 
molecule 


lodine, l;, a solid at 
room temperature 


MOLECULAE MIXING 


Induced dipole- 
induced dipole 
attraction 


Fluorine 
molecules 


Electrons can bunch to one 
side without experiencing 
strong electrical repulsions 
among themselves. 


Negligible 
intermolecular 


attractions 


Electrons are confined to 
a small space; therefore 
they repel one another 
and remain fairly evenly 


distributed. 


Fluorine, F;, a gas at 
(b) room temperature 


FIGURE7.8 


(a) Temporary dipoles more readily form in larger atoms, such as those In an iodine 
molecule, because ¡n larger atoms electrons bunched to one side are stilÏ relatively far 
apart from one another and not so repelled by the electric force. (b) In smaller 
atoms, such as those in a Ñuorine molecule, electrons cannot bunch to one side as 
well because the repulsive electric force gets greater as the electrons get cÌoser 
together. 


small nonpolar Ñuorine molecules, F„. This explains why iodine molecules stick 
together as a solid at room temperature but at the same temperature uorine 
molecules drift apart into the gaseous phase. 

Fluorine is one of the smallest atoms, and nonpolar molecules made with flu- 
orine atoms exhibit only very weak induced dipole-induced dipole attractions. 
Thịs ¡s the principle behind the Tefon nonstick surface. The Telon molecule, 
part of which ¡s shown in Figure 7.9, is a long chain of carbon atoms chemically 
bonded ro fÑuorine atoms, and the Ñuorine atoms exert essentialÌy no attractions 
on any material in contact with the Iefon surface—scrambled eggs In a frying 
pan; for Instance. 


cK 


What ïs the đistinction between a dipole-induced dipole attraction and an 
induced đipole-induced dipole attraction? 


Was thỉs your answer? The dipole-induced dipole attraction ïs stronger 
and involves a permanent dipole and a temporary one. The induced dipole— 
induced dipole attraction is weaker and involves two temporary dipoles. 
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Induced dipole-induced dipole attractons heÌp explain why natural gas Is a 
gas at room temperature but gasoline ¡s a liquid. The major component oÝ natu- 
ral gas is methane, CH¿, and one of the major componenrts of gasoline is octane, 
C¿H;;. We see in Figure 7.10 that the number of induced dipole-induced 
dipole attractions berween two methane molecules is appreciably less than the 
number between two octane molecules. You know that two small pieces of Vel- 
cro are easier to pull apart than two long pieces. Like short pieces of Velcro, 
methane molecules can be pulled apart with little effort. Thats why methane 
has a low boiling point, —161°C, and ïs a gas at room temperature. Octane mol- 
ecules, like long strips of Velcro, are relatively hard to pulÏ apart because of the 
larger number ofinduced dipole-induced dipole attractions. The boiling point 
of octane, 125°C, ¡s therefore much higher than that of methane, and octane is 
a liquid at room temperature. (The greater mass of octane also plays a role in 
making its boiling point higher.) 


CK~ 
Methanol, CH.OH, which can be used as a fuel, is not much larger than 
mnethane, CH„, but is a liquid at room temperature. Suggest why. 


Was thỉs your answer? The polar oxygen-hydrogen covalent bond in each 
mnethanol molecule leads to hydrogen bonding between molecules. These 
relatively strong interparticle attractions hold methanol molecules together 
as a liquid at room temperature. 


Induced dipole— 


( - ' induced dipole attractions 


_  «< 
>—=< 
>—< 


t^ 


(a) Methane molecules 


FIGURE 7.9 


Few things suck ro Tefon 
because of the high proportion of 
Ñuorine atoms ít contains. The 
structure depicted herc is only a 
portion of the full length of the 
molecule. 


tì 


= Small frogs and most insects stick 


to surfaces using moisture-based 
adhesive forces, such as hydrogen 
bonds—much like a wet napkin 
adheres to a gÌass window. 
Geckos, by contrast, can adhere to 
nearly any surface with or with- 
out moisture. They do so using 
induced đipole-induced dipole 
attractions, also known as van der 
Waals forces. These attractive 
forces are relatively weak, but 
they can become quite strong 
when the surface area of contact 
is great. The qecko's toes are COV- 
ered with millions of tiny hairs, 
and each haïr is tipped with hun- 
dreds of tỉny projections called 
spatulae. This gives the gecko's 
foot an enormous amount of sur- 
face area with which to attach 
ïtself to the ceiling. Researchers 
are studyïng the adhesive proper- 
ties of geckos”toes for potential 
applications, such as dry adhesive 
nanostructures. 

MORE TO EXPLORE: 
Proceedings of the National 
Academy of Sciences 
WWw.pnas.org/cgi/doi/1O.1O73/ 
pnas.192252799 


FIGURE 7.10 


(a) Two nonpolar methane mole- 
cules are attracted to each other 
by induced dipole-induced 
dipole attractlons, but there ¡s 
only one attraction per molecule. 
(b) Two nonpolar octane mole- 
cules are similar to methane but 
longer. The number ofinduced 
dipole-induced dipole attrac- 
tions between these two mole- 
cules is therefOre øreater. 
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lack ink contains pigments of 

mnany different colors. Acting 

†ogether, these pigments absorb 
all the frequencies of visible light. 
Because no light is reflected, the ink 
appears black.We can use electrical 
attractions to separate the cormnpo- 
nents of black ink with a technique 
called paper chromatography. 


MOLECULAER MIXING 


CIRCULAR RAINBOWS Ĩ 


the electrical attractions between 
componernt rmmolecules and solvent 
molecules), they travel with the 
solvent at different rates. 


WHAT YOU NEED 


Black felt-tip pen or black water- 
soluble mmarker; piece of porous 
paper, such as paper towel, table nap- 
kín, or coffee filter; solvent, such as 
water, acetone (fingernaïl polish 
remover), rubbing alcohol, or white 
Vinegar 


Just after the drop of solvent is 
completely absorbed, add a sec- 
ond đrop at the same place you 
put the first one, then a third, 
and so on until the ink compo- 
nents have separated to your 
satisfaction. 


PROCEDURE 


1. Place aconcentrated dot ofink at 


the center of the piece of porous 
pAper. 

Carefully place one drop of solvent 
on top of the dot,and watch the 
ink spread radially with the sol- 
vent. Because the different com- 
ponents of the ink have different 
affinities for the solvent (based on 


How the components separate 
depends on several factors, ïncluding 
your choïce of solvent and your tech- 
nỉique. lt's also interesting to watch 
the leading edge of the mmoving ink 
unđder a strong magnifying gÌass or 
Tnicroscope. 


%® 72A Solution Is a Single-Phase 
Hormmogeneous Mixture 


hat happens when table sugar, known chemicalÏy as sucrose, is stirred 

into water? Is the sucrose destroyed? Wc know ït isnt because it sweetens 
the water. oes the sucrose disappear because it somehow ceases to occupy 
space or because it fñts within the nooks and crannies of the water? Not so, for 
the addition oỂ sucrose changes the volume. This may not be noticeable at first, 
but continue to add sucrose to a glass of water and you ÌÍ see that the water level 
rises just as ir would iŸyou were adding sand. 

Sucrose stirred into water loses its crystalline form. Each sucrose crystal con- 
sists of billions upon billions of sucrose molecules packed neatly together. When 
the crystal is exposed to water, as was frst shown ¡in Figure 2.17 and ¡s shown 
again here in Figure 7.1, an even greater number of water molecules pulÏ on 
the sucrose molecules via hydrogen bonds formed between sucrose molecules 
and water molecules. With a little stirring, the sucrose molecules soon mix 
throughout the water. Ín pÏace oŸ sucrose crystals and water, we have a homoge- 
neous mixture oỂ sucrose molecules in water. Ás discussed in Section 2.5, 
bozog£/£øs means that a sample taken from one part ofa mixture is the same as 
a sample taken from any other part ofthe mixture. Ín our sucrose example, this 
means that the sweetness of the first sip of the solution ¡s the same as the sweet- 
ness Of the last SIp. 

Recall from Section 2.5 that a homogeneous mixture consisting oŸa single 
phase is called a s2/øz. Sugar in water is a solution in the liquid phase. Solu- 
tions arert always liquids, however. They can also be solid or gaseous, as Figure 
7.12 shows. Gem stones are solid solutions. A ruby, for example, is a solid solu- 
tion of trace quantities of red chromium compounds in transparent aluminum 
oxide. A blue sapphire ¡s a solid solution of trace quantities of light green Iron 
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Aqueous solution 
Of sucrose 


Sucrose 
molecule 


compounds and blue titanium compounds in aluminum oxide. Another impor- 
tant example of solid solutions is metal alloys, which are mixtures of different 
mertallic elements. The alloy known as brass is a solid solution of copper and 
z¡nc, for instance, and the alloy stainless steel ¡is a solid soluton of iron, 
chromium, nickel, and carbon. 

An example ofa gaseous solution ¡s the air we breathe. By volume, this solu- 
tion ¡is 78 percent nitrogen gas, 2l percent oxygen gas, and l percent other 
øaseous materials, including water vapor and carbon dioxide. The air we ¿x2 
Is a øaseous solutlon of 75 percent nitrogen, l4 percent oxygen, 5 percent car- 
bon dioxide, and around 6 percent wat€r vapor. 

In describing solutions, ít is usual to call the component present in the largest 
amounrt the solvent and the other component(s) the solute(s). For example, 
when a teaspoon of table sugar is mixed with I liter of water, we identify the 
sugar as the solute and the water as the solvent. 


(c) 


FIGURE 7.12 


FIGURE 7.11 


WWater molecules pull the sucrose 
molecules In a sucrose crystal 
away from one another. This 
pulling away from the crystal 
does not, however, affect the 
covalent bonds within cach 
sucrose molecule, which ¡s why 
cach dissolved sucrose mole- 
cule remains Intact as a sinele 
molecule. 


Solutions may occur ¡in (a) the solid phase, (b) the liquid phase, or 


(b) (c) the gaseous phase. 
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The process ofa solute mixing in a solvent ¡s called dissolving. To make a 
solution, a solute must zZssø£¡n a solvent; that ¡s, the solute and solvent must 
form a homogeneous mixture. Whether or not one material dissolves in another 
1s a function of electrical attractions. 


What is the solvent ïn the gaseous solution we call air? 


Was thỉs your answer? Nitrogen is the solvent because it is the cormponent 
present ïn the greatest quantity. 


There can be a limit to how mụuch ofa given solute can dissolve in a given sol- 
vent, as Figure 7.13 ¡llustrates. hen you add table sugar to a glass of water, for 
example, the sugar rapidly dissolves. As you continue to add sugar, however, 
there comes a point when ¡t no longer dissolves. Instead, it collects at the bot- 
tom of the glass, even after stirring. At this point, the water is s2/2⁄/eZ with 
sugar, meaning the water cannot accept any more sugar. When this happens, we 
have what is called a saturated solution, defned as one in which no more solute 
can dissolve. Á solution that has not reached the limit of solute that will dissolve 
¡s called an unsaturated solution. 

The quantity of solute dissolved in a solution ¡s described in mathematical 
terms by the solutions concentration, which is the amount o£ solute dissolved 
Per amount oÊsolution: 


: ý amounrt of solute 
concentration of solution = ———————————— 
amounr of solution 


Eor example, a sucrose—water solution may have a concentration of Ì gram of 
sucrose for every liter of solution. Thịs can be compared with concentrations of 
other solutions. Á sucrose—water solution containing 2 grams of sucrose per liter 
o£ solution, for example, is more cøczzz/e, and one containing only 0.5 gram 
Of sucrose per liter of solution ¡s less concentrated, or more z//e. 


Unso†uro†ed solufion &) 


s¬ 


"'. : +. . 
Safureted soluTion 


50 g sucrose 
undissolved 


(a) 150 g sucrose in (b) 200 g sucrose in (c) 250 g sucrose in 
100 mL water at 20°C 100 mL water at 20°C 100 mL water at 20°C 


FIGURE 7.13 


A maximum o£200 grams of sucrose dissolves in 100 milliliters of water at 20°C. 

(a) Mixing 150 grams of sucrose in 100 milliliters of water at 20°C produces an 
unsaturated solution. (b) Mixing 200 grams of sucrose in 100 milliliters of water 

at 20°C produces a saturated solution. (c) IF250 grams of sucrose are mixcd with 
100 milliliters of water at 20°C, 50 grams of sucrose remain undissolved. (As we dis- 
cuss later, the concentration ofa saturated solution varies with temperature.) 
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Chemists are often more interested in the number ofsolute parti- 
cles in a solution rather than the number of grams of solute. Submi- 
croscopic particles, however, are so very small that the number of 
them ¡in any observable sample is incredibly large. To get around hav- 
ing to use awkwardly large numbers, sclentists use a unit called the 
mole. One mole ofany type of particle is, by deRnition, 6.02 x 10” 
particles (this superlarge number is about 602 billion trillion): 


Whewl This espressO ¡is 
reolly concen†ratedI 


Ahh. My reqular coffee 
Is more dilu†e. 


1 mole = 6.02 x 10?” parucles 
= 602,000,000,000,000,000,000,000 particles 


One mole of pennies, for example, ¡s 6.02 I0 pennies, I mole of marbles ¡s 
6.02 x 10” marbles, and 1 mole of sucrose molecules ¡is 6.02 x 10” sucrose 
molecules. 

Even if yoưve never heard the term 7ø/£¡n your life before now, you are 
already familiar with the basic idea. Saying “one mole” ¡s just a shorthand way 
Of saying “six point oh two times ten to the twenty-third.” Just as Z eøð/e øƒ 
means 2 ofsomething and ø đøz£z øƒmeans 12 of something, ø 7ø/ øƒmeans 
6.02 x 10” ofsomething. Its as simple as that: 


# a couple ofcoconuts = 2 coconuts 

#8 a dozen ofdonuts = 12 donuts 

s a mole oFmints = 6.02 x 10”? mints 

#ø a mole of molecules = 6.02 x 10” molecules 


A stack containing l mole of pennies would reach a heipht of 860 quadrillion 
kilometers, which ¡s rouphly equal to the diameter ofour Milky ÑWay galaxy. A mole 
of marbles would be enouph to cover the entire land area of the 50 United States to 
a depth greater than 1.1 kilometers. Sucrose molecules are so small, however, that 
there are 6.02 x 10?” ofthem ¡in only 342 grams ofsucrose, wh¡ch ¡s about a cupfl. 

Thus, because 342 grams of sucrose contains 6.02 x 10” mole- 

cules of sucrose, we can use our shorthand wording and say that ———————————— — — = 
342 grams of sucrose contain Ï mole of sucrose. As Figure 7.14 
shows, therefore, an aqueous solution that has a concentration of 
342 grams of sucrose per liter ofsolution also has a concentration of 
6.02 x 10?” sucrose molecules per liter ofsolution or, by deñnition, a 
concentration of I mole of sucrose per liter of solution. 

The number of grams tells you the 74ss of solute in a given 
solution, and the number of moles tells you the actual 7zzðer of 
molecules. Interestingly, the term 7zø/£ is derived from the Latin 
word for “pile.” A mole of marbles would be one amazingly large 
pH, wouldnt ¡tt Finding the number o£ molecules in a given mass to tEaf cua 
or the mass of a given number of molecules is something we equals 
explore in Chapter 9, 342 grams of sucrose 

A common unit ofconcentration used by chemists is molarity,  .. vớt : 
which ¡is the solutionS concentration expressed ¡n moles of solute : "`... 
per liter of solution: 


1 liter—> 


Sugor. solufion Concentration: 
1 mole per liter 


number of moles of solute 


molarity = | : An aqueous solution of sucrose 
liters of solution that has a concentration of I1 mole 
: : : ` of sucrose per liter of solution 
A solution that contains l mole of solute per liter of solution has a concentfA- conains 6.02 10? sucrose mol- 
ton of 1 7ø, which 1s often abbreviated 1 Ä⁄. A more concentrated, 2-molar ecules (342 grams) in every liter of 


(2 1⁄) solution contains 2 moles of solute per liter of solution. solution. 
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¬ 


“4 


CORNER~ 


CALCULATING FOR SOLUTIONS 


# From the formula for the concentration of a solution,we EXAMPLE 2 
can derive equations for armnount of solute and amount 


A solution you are using in an experiment has a concen- 


of solution: tration of 1o grams of solute per liter of solution. lf you 
amount of solute pour enough of this solution into an empty laboratory 
KWSETISTUOHIETSEISEOIEUEIEE on flask to make the flask contain s grams of the solute, how 
many liters of the solution have you poured ïinto the 
amourt of solute = flask? 
concentration of solution x amount of solution 
amount of solution = c5 .. ANSWER 2 


concentration of solution 
This question asks for amount of solution, and so what you 


warnt is the third formula: 


n solving for any of these values, the units must always 5đ 
match. lf concentration ïs given ïn grams per lïter, for amount of solution = ——=O.j5L 
example, the amount of solute must be ïn grams and 1o8/L 
the amount of solution must be in liters. 
Note that these equations are set up for calculating 


amourt of solution rather than amount of solvent. The YOUR TURN 

S200 ø 1. : Si 2Á „ thế TT PHEBR Sa ng 1. At2O°C,a saturated solution of sodium chloride ïn 
because in addition to containing the solvent, the solution water has a concentration of about 38o grams of 
also contaïns the solute. As discussed at the beginning of sodium chloride per liter of solution. How much 

this section, for example, the volume of an aqueous solu- sodium chloride,in grarns, is required to make 3 liters 
tion of sucrose depends not only on the volume of water J5 ãaaa. 


but also on the volume of đissolved sucrose. 
2._A student is told to use 2o grams of sodium chloride 


EXAMPLE 1 †o make an aqueous solution that has a concentra- 
How rnuch sucrose, in grams, is there ïn 3 liters of an aque- tion of1o grams of sodium chloride per liter of solu- 
ous solution that has a concentration of 2 grams of tion. How many lïters of solution does she end up 
sucrose per lïter of solution? with? 

ANSWER 1 


This question asks for amount of solute, and so you should 
use the second of the three formulas gïven above: 
29 


amount of solute = ““ x 3L =6g 
14 Answers to Calculation Corners appear at the end oƒ each chapter. 


The difference between referring to the number of molecules of solute and 
referring to the number of grams of solute can be ¡lÏustrated by the following 
question. Â saturated aqueous solution ofsucrose contains 200 ørams of sucrose 
and 100 grams of water. Ñ/h¡ch ¡s the solvent: sucrose or water? 

As shown in Figure 7.15, there are 3.5 X 102 molecules ofsucrose in 200 grams 
of sucrose but almost I0 times as many molecules of water in 100 grams of 
water—3.3 x 10“ molecules. As defined earlier, the solvent ¡s the component pres- 
ent in the largest anount, but what do we mean by 4øzø# ]famount means 
number of molecules, then water ¡s the solvent. lÝamount means mass, then 
sucrose ¡s the solvent. So, the answer depends on how you look at ít. From a 
chemistS point of view, 2ø typically means the number of molecules, and so 
water is the solvent in this case. 
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ng _ % 
* . F 
ˆ ^ 
CN nòu S6⁄0⁄62số 
OVERFLOWING SWEETNESS l 
3.. Return half ofthe warm water to 
ust because a solid dissolves ïn a the g]ass and stir to đissolve all 
liquid doesn't mean the solid no the sugar. 
longer occupies space. S. 
4. Return the remaining water,and 
WHAT YOU NEED as you get close to the top, ask a 
: friend to predict whether the 
Tall glass,warm water, container uater level will be less than 
larger than the taïl glass, 4 table- before, about the same as before, 
spoons table sugar or more than before so that the 
water spills over the edge of the 
PROCEDURE glass. 


1. Fillthe glass to ïits brim with the 
warm water, and then carefully 
pour all the water into the larger 
container. 


lfyour friend doesn”t understand 
the result, ask him or her what would 
happen ïf you had added the sugar to 
the glass when the gÏass was full of 
2.. Add the sugar to the empty glass. Wwater. 


1. Howrnuch sucrose,ïn moles, is there ïn o.s liter of a 2-molar solution? 
How many molecules of sucrose is this? 

2. Does 1 liter of a 1-molar solution of sucrose ïn water contaïn 1 liter of 
water, less than 1 liter of water, or more than 1 liter of water? 


Sa†ura†ed solu†ion 
Of sucrose in wofer 
d† 20°C 


Were these your answers? 

1. First you need to understand that 2-molar means 2 moles of sucrose per 
liter of solution. Then you should multiply solution concentration by 
amourt of solution to obtain armmount of solute: 


(2 moles/)(o.s ) = 1mole 


which is the same as 6.O2 x 1633 mmolecules. 

2. The definition of molarity refers to the number of lïters of solufion, not 
liters of solvent.When sucrose is added to a given volume of water, the 
volume of the solution increases. So, ïf 1 rnole of sucrose is added to 1 liter 
of water, the result is more than 1 liter of solution. Therefore, 1 liter of a 
1-molar solution requires less than 1 lỉter of water. 


Waer — [i0og|33x10”, 


FIGURE 7.15 


Although 200 grams of sucrose 
are twice as massive as 100 grams 


® 7.3 Solubility lsa Measure of How Wel] oÊwater, there are about 10 tỉmes 
Ệ as many water molecules in 
a Solute Dissolves 100 grams ofwater as there are 


sucrose molecules in 200 grams 
of sucrose. How can this be? 
Each water molecule ¡s about 
20 times less massive (and 


he solubility of a solute ¡s its ability to dissolve ín a solvent. As you mipht 
expcct, this ability depends in great part on the submicroscopic attractions 


berwecn solute particles and solvent paruiclcs. IÝa solute has 2HY-3DESSIRĐIESBÌ*.... xaa][..j ren cách eperosernOlE- 
ubility in a solvent, then that solute ¡s said to be soluble in that solvent. cule, which means that about 
Solubility also depends on attractions of solute particles for one another and 10 times as many water mole- 


attractions of solvent particles for one another. As shown ¡in Figure 7.16, for  cules can ñtwithin halfthe mass. 
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FIGURE 7.16 


- Á sucrose molecule contains 


many hydrogen—-oxygen covalent 
bonds in which the hydrogen 
atoms are slightÌy positive and 
the oxygen atoms are slightly 
negative. These dipoles in any 
given sucrose molecule result 

in the formation ofhydrogen 
bonds with neighboring sucrose 
molecules. 


Pì 


.= Water sometimes gets into the 


gas lines of cars, usually by con- 
densing from moist atmosphere. 
In regions where the winter gets 
super cold, this water can clog the 
gas line by freezind. Io prevent 
this from happening, the mindful 
driver pours in a smalÏÌ12-ounce 
bottle of gas line antiƒreeze with 
each fill up. For a fuel-injected car, 
isopropyl alcohol,C.H,OH,is the 
recommended gas line antifreeze. 
For a carbureted car, methyl alco- 
hol, CH:OH ïs recommended. Just 
like ethanol, each of these alco- 
hols is soluble in water. They are 
also soluble in gasoline. Their 
presence, therefore, helps the 
water to become rniscible with 
the gasoline,thereby preventing a 
gas line freeze up. 

MORE TO EXPLORE: 
Tom and Ray Magliozzi 
www.cartalk.corn/content/ 
columns/Archive/1g94/ 
December/oa.html 


FIGURE T.17 


Ethanol and water molecules are 


-_ about the same size, and they 


both form hydrogen bonds. As a 
result, ethanol and water readily 
mix with each other. 


MOLECULAR MIXING 


CH;OH 
Hư H HOCH, 7Ð H 
s€HB BE H HỆ HỌ 
HO ° CH,OH 
H ÓH ÓH 


Sucrose 


example, there are many polar hydrogen-oxygen bonds ¡in a sucrose moleculc. 
Sucrose molecules, therefore, can form multiple hydrogen bonds with one 
another. These hydrogen bonds are strong enough to make sucrose a solid at 
room temperature and give it a relatively high melting point of 185°C. In order 
for sucrose to dissolve in water, the water molecules must ñrst puÌÍ sucrose mol- 
ecules away from one another. This puts a limit on the amount of sucrose that 
can dissolve in water——eventually a point is reached where there are not enough 
water molecules to separate the sucrose molecules from one another. As was dis- 
cussed in Section 7.2, this is the point of saturatlon, and any additional sucrose 
added to the solution does not dissolve. 

When the molecule-to-molecule attractions among solute molecules are 
comparable to the molecule-to-molecule attractions among solvent molecules, 
the result can be no practical point oỂ saturation. As shown ¡in FEigure 7.17, for 
example, the hydrogen bonds among water molecules are about as strong as 
those between cthanol molecules. These two liquids therefore mix together 
quite well and in just about any proportion. Ñe can even add ethanol to water 
until the ethanol rather than the water may be considered the solyent. A solute 
that has no practical point of saturation in a given solvent is said to be Z/z7/£jy 
soizbfe In that solvent. Ethanol, for example, ¡s infinitely soluble in water. Also, 
all gases are generally infinitely soluble in other gases because they can be mixed 
together In just about any proportion. 
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Ethanol and water 
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Let§ now look at the other extreme ofsolubility, where a solute has very little 
solubility in a given solvent. An example is oxygen, ©›, in water. Ïn contrast to 
sucrose, which has a solubility of 200 grams per 100 milliliters of water, only 
0.004 gram of oxygen can dissolve in 100 milliliters of water. Ÿe can accounr 
for oxygenS low solubility in water by noting that the only electrical attractlons 
that occur between oxygen molecules and water molecules are relatively weak 
dipole-induced dipole attractions. More Important, however, ¡s the fact that the 
stronger attraction of water molecules for one another—throueh the hydroeen 
bonds the water molecules form with one another—effectively excludes oxygen 
molecules from intermingling. 

A material that does not dissolve in a solvent to any appreciable extent is said 
to be insoluble in that solvent. There are many substances we consider to be 
insoluble in water, including sand and glass. Just because a material is not solu- 
ble in one solvent, however, does not mean it wont đissolve in another. Sand 
and glass, for example, are soluble in hydrofuoric acid, HE, which is used to give 
glass the decorative frosted look shown in Figure 7.18. Also, although Styro- 
foam ¡s insoluble in water, ¡t is soluble in acetone, a solvent used in fñingernail 
polish remover. Pour a little acetone into a Styrofoam cup, and the acetone soon 
dissolves the Styrofoam, as you can see in Eigure 7.19. 


Why ïisnt sucrose infinitely soluble in water? 


Was thỉs your answer? The attraction between two sucrose molecules is 
mmuch stronger than the attraction between a sucrose molecule and a water 
molecule. Because of this, sucrose dissolves in water only so long as the 
number of water mmolecules far exceeds the number of sucrose molecules. 
When there are too few water molecules to đissolve any additional sucrose, 
the solution is saturated. 


=3 


FIGURE 7.18 


Glass is frosted by dissolving its 
outer surface in hydrofuoric 
acid. 


FIGURE 7.19 


Is this cụp melting or dissolving? 
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- ' SOLUBILITY CHANGES WITH TEMPERATURE 

® — 180 NaNĐ:... vọu probably know from experience that water-soluble solids 

5® 160 usually dissolve better in hot water than ¡n cold water. A highly 

ư * * 

% E 140 concentrated solution of sucrose In water, for example, can be 

ch háo Licl made by heating the solution almost to the boiling point. This 

ĐỂ lao ish d hard cand de. Solubility ï 

SE „ụ is how syrups and hard candy are made. Solubility increases 

È8 «o with increasine temperature because hot water molecules have 

9£ 4o Ni greater kinetic energy and therefore are able to collide with the 

8 20 solid solute more vigorously. The vigorous collisions facilitate 
the disruption of electrical particle-to-particle attractions in the 

20 40 60 80 100 s0iid 


Temperature °C 


FIGURE.7.20 


The solubility of many water- 
soluble solids increases wich tem- 
perature, while the solubility of 
others is only very slightly 
affected by temperature. 


FIGURE 7.21 


The solubility of sodium nitrate 
1s 165 grams per 100 milliliters 
of water at 100°C but only 

87 grams per 100 milliliters at 
20°C. Cooling a 100°C saturated 
solution ofNaNO› ro 20°C 
causes 78 grams of the solute to 
pr€CIpItate. 


Although the solubilities of some solid solutes——sucrose, to 

name just one example—are greatly affected by temperature 

changes, the solubilities of other solid solutes, such as sodium chloride, are only 

mildly affected, as Figure 7.20 shows. This difference has to do with a number 

of factors, including the strength of the chemical bonds in the solute molecules 
and the way those molecules are packed together. 

WWhen a solution saturated at a hiph temperature ¡s allowed to cool, some 
of the solute usually comes out o£solution and forms what is called a precipi- 
tate. W hen this happens, the solute ¡s said to have øz£e/2722rez from the solu- 
tion. For example, at 100°C the solubility ofsodium nitrate, NaNO¿, in water 
is 165 prams per 100 milliliters of water. As we cool this solution, the solubil- 
Ity o£ NaNO; decreases as shown in Figure 7.20, and this change ¡in solubility 
causes some of the dissolved NaNO; to precipitate (come out of solution). Ất 
20°€, the solubility o£ NaNO; ¡is only 87 grams per 100 milliliters of water. 
So If we cool the 100°C solution to 20°C, 78 grams (165 grams — 87 grams) 
PrecIpitates, as shown in Figure 7.21. 


GASES ARE MORE SOLUBLE AT LOW TEMPERATURES 
AND HIGH PRESSURES 
In contrast to the solubilities of most solids, the solubilities of gases in liquids 
đ£crcase with 1Increasing temperature, as Table 7.2 shows. This is true because 
with an increase in temperature, the solvent molecules hayve more kinetic energy. 
Thịs makes it more dificult for a gaseous solute to say in soludon because the 
solute molecules are literally being kicked out by the high-energy solvent mole- 
cules. Perhaps you have noticed that warm carbonated beverages go flat faster 
than cold ones. The higher temperature causes the molecules of carbon dioxide 
gas to leave the liquid solvent at a hipher rate. 

The solubility ofa gas in a liquid also depends on the pressure of the gas 
immediately above the liquid. In general, a higher gas pressure above the liquid 


78 g of NaNO; 
precipitates out 
of solution 


Sa†uro†ed solu†ion 


Sa†ura†ed solu†ion 


(a) 165 g NaNO:in 100 mL water 87 gNaNO: in 100 mL water 
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TABLE 7.2 TEMPERATURE-DEPENDENT SOLUBILITY OF OXYGEN GAS 
IN WATER AT A PRESSURE OF 1 ATMOSPHERE 


Ternperature (°C) O, Solubility 
(g O./LH.O) 
lo) O.O141 

1O O.O1O9 
2O O.OO92 
25 o.Oo83 
30 O.OO77 
35 O.OO7O 
4O O.OO6S5 


means more of the gas dissolves. A gas at a high pressure has many, many gas 
particles crammed into a given volume. The “empty” space in an unopened soft 
drink bottle, for example, is crammed with carbon dioxide molecules in the 
gaseous phase. With nowhere else to go, many ofthese molecules dissolve in the 
liquid, as shown ¡in Figure 7.22. Alternatively, we might say that the øreat pres- 
sure forces the carbon dioxide molecules into solution. When the bottle ¡s 
opened, the “head” of highly pressurized carbon dioxide gas escapes. Now the 
gas pressure above the liquid is lower than it was. As a result, the solubility of 
the carbon dioxide drops and the carbon dioxide molecules once squeezed into 
the solution begin to escape into the air above the liquid. 

The rate at which carbon dioxide molecules leave an opened soft drink ¡s 
relatively slow. You can increase the rate by pouring ¡in granulated sugar, salt, 
or sand. The microscopic nooks and crannies on the surface of the grains serve 
as 7clead/øø s/es where carbon dioxide bubbles are able to form rapidly and 
then escape by buoyant forces. Shaking the beverage also increases the surface 
area of the liquid-to-gas interface, making it easier for the carbon dioxide to 
escape from the solution. Once the solution ¡is shaken, the rate at which 


Carbon dioxide,CO2 


Water, HO 


&)— (b) 


FIGURE 7.22 


(a) The carbon dioxide gas above 
the liquid in an unopened soft- 
drink bottle consists of many 
tighdy packed carbon dioxide 
molecules that are forced by pres- 
sure into solution. (b) When the 
botde is opened, the pressure is 
released and carbon dioxide mol- 
ccules originally dissolved in the 
liquid can escape into the aïr. 
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carbon dioxide escapes becomes so great that the beverage froths over. You also 
Increase the rate at which carbon dioxide escapes when you pour the beverage 
into your mouth, which abounds in nucleation sites. You can feel the resulting 
tineÌy sensation. 


ECK. 
You open two cans of soft drink: one from a warm kitchen shelf, the other 
from the coldest depths of your refrigerator.Which provides more bubbles 
ïn the first guÌp you take and why? 


Was thỉs your answer? The solubility of carbon đioxide in water decreases 
with ïncreasing temperature. The warm drink will therefore fizz in your 


fa hot saturated solution is 

allowed to cool slowly and without 

đisturbance, the solute may stay ïn 
solution. The result is a supersatu- 
rated solution. Supersaturated aque- 
ous solutions of sucrose (table sugar) 
are fairÌy easy to make. 


WHAT YOU NEED 


Small cooking pot, water, table sugar, 
pencil that is longer than the diame- 
ter of the pot, string, weight (a nut or 
bolt works well), safety glasses to pro- 
tect eyes from any hot liquid that 
may splatter 


PROCEDURE 


1. Fillthe potno more than 1ïnch 
deep with water and heat the 
water to boiling. 


2. Lower the heat to medium-Ìow. 
Slowly pour ïn sugar while care- 
fully stirring to avoid splatterind. 
Because sugar ïs very soluble in 
hot water, be prepared to add a 
volume of sugar equal to or 
greater than the volume of water 
you began with. Continue to add 
sugar unti]l no more wilÌ dissolve 
even with persistent stirrind. 


3. Allow the solution to come back to 
a boïl while stirring carefully. This 


mouth more than does the cold one. 


should help dissolve any excess 
sugar added in step 2. Do not set 
the burner on high because doïng 
so may make the sugar solution 
froth up and spiÏl out of the pot. lf 
the sugar still doesn't fully dis- 
solve after the solution is brought 
†o a slow boïl,add more water 

1 teaspoon at a time. lf the sugar 
đissolves after being brought to a 
slow boïl,add more sugar 1 table- 
spoon at a time. Ideally,you want 
a boiling-hot sugar solution that 
ïs just below saturation, which 
may be difficult to assess without 
prior experience. 


4. Remove the clear (no undissolved 
sugar) boiling sugar solution 
from the heat. Tie some string to 
the weight and lower the weight 
into the hot solution. Support 
the string with the penci] set 
across the rim of the pot so that 
the weight does not touch the 
bottom. 


s. Leave the mixture undisturbed 
for about a week, but check it 
periodically. You wïill see large 
sugar crystals, also known as rock 
candy, form on the string and also 
along the sides of the pot. The 
longer you waït, the larger the 
crystals. 
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NONPOLAR GASES READILY DISSOLVE IN PERFLUOROCARBONS 


As was discussed earlier, good solubility can result when the particle-to-particle 
atrractions in a solute are comparable to those in a solvent. This was the case 
with ethanol and water, and it is also the case with oxygen and certain 27ƒ#ø?- 
øczzbøzøs, sụch as perfuorodecalin, which are molecules consisting of onÏy car- 
bon and fluorine atoms. Oxygen and perfluorodecalin molecules are both 
nonpolar. Because of the large size of its molecules, perfuorodecalin ¡s a liquid 
at room temperature. Because they are both nonpolar, periuorodecalin mole- 
cules and oxygen molecules readily mix. At room temperature, a significant 
amount ofoxygen gas is able to dissolve ¡n liquid perfuorodecalin, as is demon- 
strated In Eigure 7.23. 

Interestingly, a saturated solution of oxygen in a liquid perfuorocarbon 
contains about 20 percent more oxygen than does the atmosphere we breathe. 
When this perfuorocarbon solution ¡s inhaled by a human or other animal, 
the lungs are able to absorb the oxygen in much the same way they absorb it 
from air. Because liquid perfuorocarbons are as inert as Iefon, which ¡s a solid 
perfuorocarbon, negative side effects of having these liquids in the lungs are 
minimal. 


FIGURE.7.23 


Just as the ñsh are alive and well 
submerged in water saturated 
with oxygen, this rodent is alive 
and well submerged in liquid 
perfluorodecalin saturated with 
oxygen. The difference is solubil- 
Ity. Lhere is too lirtle O; dis- 
solved in the water for the 
rodent, who would drown ¡f sub- 
merged in ít. Similarly, there is 
too much oxygen dissolved in the 
perfluorodecalin for the ñsh, who 
would suffer from oxygen poi- 
soning If they were to swim 
downward to say hello to the 
rodent. 


=. 


Induced dipole-induced dipole 
attraction 
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s Biochemist Leland C. Clark, Jr., 
a.k.a. the “Edison of Medicine” 
(see picture above), is wel]-known 
as the inventor of nurmnerous 
medical devices. This includes the 
heart-lung machine, as wel] as 
numerous biosensors that allow 
real-time monitoring of various 
blood components, such as oxy- 
gen, carbon dioxide, and gÌucose. 
In the 1o6os, Clark began his 
Wwork with perfluorocarbons, 
which he was investigating as a 
potential synthetic blood substi- 
tute. In1o6s, he showed that a 
rodent submerged in oxygen-sat- 
urated perfluorocarbon could 
breathe for several hours without 
any apparent harmful effects. 
This becarne the premise of the 
deep-sea liquid breathing appa- 
ratus featured in the 1o8o thriller 
movie The Abyss. In 2oos, Clark 
received the prestigious Russ 
Prize from the National Academy 
of Engineering. He hopes that his 
long, successful career “wiÏÌ 
encourage young people to 
choose a life of science, discovery, 
and imagination.” 

MORE TO EXPLORE: 
Steve Kitter, Chemical & Engineer- 
ing News 83 (13),March 28,2oos: 
D36. 
www.ohiou.edu/russprize/clark. 
html 


Much research ¡s currently being conducted on perfuorocarbons and their 
potential applications. For example, ¡t is nearly impossible for babies born 
before seven months of gestation to breathe air. This is because their lungs have 
yct to develop an inner lining that prevents the moist walls from collapsing and 
sucking together like wet sheets of plastic food wrap. Researchers have found 
that premature infants can breathe oxygenated perfuorocarbons quite effec- 
tively. Adults may also benefit from inhaling perfluorocarbons because when the 
liquid ¡s drained from the lungs, ít carries with ¡t foreign matter that has accu- 
mulated over time. Have you had your lungs cleaned lately? 

Another exciting application of perluorocarbons ¡s their use as a blood sub- 
stirute. Among the many advantages of 47//c/al bloøäl are that it can be stored 
for long periods of time without deteriorating and that ít eliminares the trans- 
mission of such diseases as hepatuis and AIDS through blood transfusions. 
(Please note, however, that because of precautionary measures taken by blood 
banks, our current blood supply ¡s safe from these discases. For example, over 
the course ofa year, the chance of dying from a blood transfusion is only about 
1 in 100,000, whereas the chance of dying ¡in a car accident is about I in 7000.) 
The need for a reliable blood substitute arises from frequent blood bank short- 
ages. Currently less than 5 percent of the population donates blood, and this 
p€rcentage is dropping as demand increases worldwide by about 7.5 million 
liters each year. The shortfall could become critical sometime In the next 
30 years. Because there ¡s still much research needed on perfuorocarbons, 
donating blood ¡s still a øzyworthwhile thing to do. 


* 7.4. Soap Works by Being Both Polar and Nonpolar 


Irt and ørease together make z7. Because grime contains many nonpo- 
lar components, ït ¡s difficult to remove from hands or clothing using just 
water. Ïo remove most ørime, we can use a nonpolar solvent such as turpentine 
or trichloroethane, which dissolves the grime because of strong induced 
dipole-induced dipole attractions. Turpentine, also known as a paint thinner, is 
good for removing the grime left on hands after such activities as changing a 
cars motor oil. Trichloroethane is the solvent used to “dry clean” clothes—a 
process whereby dirty clothes are churned in a container full of this nonpolar 
solvent, which removes the toughest of nonpolar stains without the use of water. 
Rather than washing our dirty hands and clothes with nonpolar solvents, 
however, we have a more pleasant alternative—soap and water. Soap works 
because soap molecules have both nonpolar and polar properties. Ä typical soap 
molecule has two parts: a long 72zøølzr zz/oŸ carbon and hydrogen atoms and 
a øø/zr beađ/containing at least one ionic bond: 


Nonpolar tail Polar head 
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Nonpolar grime attracts and is surrounded by the nonpolar tails of soap molecules, 
forming a micelle. The polar heads of the soap molecules are attracted by ion— 
dipole attractions to water molecules, which carry the soap—grime combination 
aWay. 


Because most ofa soap molecule is nonpolar, it attracts nonpolar grime mole- 
cules via induced dipole-induced dipole attractions, as Figure 7.24 iÌlustrates. 
In fact, grime quickly ñnds itself surrounded ¡in three dimensions by the nonpo- 
lar tails of soap molecules forming a complex called a ø⁄ce/e. This attraction is 
usually enouph to lift the grime away from the surface being cleaned. W¡th the 
nonpolar tails facing inward toward the grime, the polar heads are all directed 
outward, where they are attracted to water molecules by relatively strong 
lon-dipole attractions. I£ the water ¡s fiowing, the whole conglomeration of 
grime and soap molecules fows with it, away from your hands or clothes and 
down the drain. 

For the past several centuries, soaps have been prepared by treating animal 
fats with sodium hydroxide, NaOH, also known as caustic lye. In this reaction, 
which is still used today, cach fat molecule ¡s broken down into three /#y zcz/ 
soap molecules and one glycerol molecule: 


“Treat with 
NaOH 


Fat molecule Three fatty acid soap molecules Glycerol molecule 


242 CHAPTER7 MOLECULAER MIXING 


DETERGENTS ARE SYNTHETIC SOAPS 


In the 1940s, chemists began developing a class of synthetic soaps, known as 
đerereeis, that offer several advantages over soaps, such as stronger ørease pene- 
tration and lower price. The chemical structure of detergent molecules is similar 
to that of soap molecules in that both possess a polar head attached to a nonpo- 
lar tail. The polar head in a detergent molecule, however, typically consists of 
either a sulfate group, —OSO;~, or a sulfonate group, —SO„, and the nonpo- 
lar tail can have an assortment of structures. 

One of the most common sulfate detergents is sodium lauryl sulfate, a main 
ingredient of many toothpastes. A common sulfonate detergent is sodium dode- 
cyl benzenesulfonate, also known as a linear alkylsulfonate, or LAS. YoưÏl often 
ñnd this compound ¡in dishwashing liquids. Both these detergents are 
biodegradable, which means microorganisms can break down the molecules 
once they are released into the environment. 


óc vvưxx2 F) 


CH;CH;CH;CH;CH;CH;CH;CH;CH;CH;CH;CH,—O— =? Na† 


O 


Sodium lauryl sulfate 


H H 
~- . 
| 
Xà vóc 025 scàa¿ sau voc se vu vác sa nà na ¬ NaT 
vÐS= @ 
/ O 
H H 


FIGURE 7.25 


Hard water causes calcium and 

. magnesium compounds to build 
up on the inner surfaces of water 
pipes, especially those used to 
carry hot water. 


Sodium dodecyl benzenesulfonate 


=. 


What type of attractions hold soap or detergent molecules to grime? 


Was thỉs your answer? lf you haverit yet formulated an answer, why not 
back up and reread the question? Yoư've got only four choices: ion-dipole, 
dipole-dipole, dipole-induced dipole, and induced dipole-induced dipole. 
The answer ïs ïnduced dipole-induced dipole attractions, because the inter- 
action is between two nonpolar entities—the grime and the nonpolar taïl of 
a soap or detergent molecule. 


HARD WATER MAKES SOAP LESS EFFECTIVE 
XWater containing large amounts of calcium and magnesium ions is said to be zz⁄ 
z/er, and it has many undesirable qualities. For example, when hard water is 
heated, the calcium and magnesium ions tend to bind with negatively charged Ions 
also found in the water to form solid compoundis, like those shown ¡in Eigure 7.25, 
that can clog water heaters and boilers. You l also ñnd these calcium and magne- 
sium compounds coated on the inside surface ofa well-used tea kettle. 

Hard water also inhibits the cleansing actlons of soaps and, to a Ìesser extent, 
detergents. The sodium ions ofsoap and detergent molecules carry a + charge, 


1.4 


and calcium and magnesium ions carry a 2+ charge (note their positions ¡in the 
periodic rable). The negatively charged portion of the polar head of a soap or 
detergent molecule is more attracted to the double positive charge of calcium 
and magnesium Ions than to the single positive charge of sodium Ions. Soap or 
detergent molecules therefore give up their sodium ions to selectively bind with 
calcium or magnesium Ions: 


Soap or detergent molecules bound to calcium or magnesium Ions tend to be 
insoluble in water. As they come out oÊ solution, they form a scum that can 
appear as a ring around the bathtub. Because the soap or detereent molecules 
are tied up with calcium and magnesium ions, more of the cleanser must be 
added to maintain cleaning effectiveness. 

Many detergents today contain sodium carbonate, NazCO;, commonly 
known as washing soda. The calclium and magnesium ions in hard water are 
more attracted to the carbonate ion with is two negative charees than to a soap 
or a detereent molecule with its sinele negative charge. With the calcium and 
magnesium Ions bound to the carbonate ion, as shown In Figure 7.26, the soap 
or detergent is free to do its job. Because it removes the ions that make water 
hard, sodium carbonate is known as a /02//7-sofie1/ng aeenit. 

In some homes, the water ¡s so hard that it must be passed through a water- 
softening unit. Ín a typical unit, illustrated in Figure 7.27, hard water ¡s passed 
throuph a large tank filled with tiny beads ofa water-insoluble resin known as 
an 72-excbzee resin. The surface oŸ the resin contains many negatively charged 
lons bound to positively charged sodium ions. As the hard water with its cal- 
cium and magnesium ions passes over the resin, the ions displace the sodium 
Ions and thereby become bound to the resin. The calcium and magnesium ions 


Carbonate ion, 
COsˆ— 


Sodium carbonate, 
Na;CO; 


(a) 


_.FIGURE 7.26 


(a) Sodium carbonate ¡s added to many detergents as a water-softening agent. 

(b) The doubly positive calcium and magnesium ions of hard water preferentially 
bind with the doubly negative carbonate ion, freeing the detergent molecules to do 
their job. 


SOAP WORKS BY BEING BOTH POLAR AND NONPOLAR 


f1 _ 


=_A soap bubble is a spherical thin 
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film of water sandwiched 
between two layers of soap mole- 
cules. The polar ends of the soap 
molecules face inward toward 
the sandwiched thin film of 
water while their nonpolar taïls 
align to create both the outer and 
inner surfaces of the bubble. As 
the water evaporates,the bubble 
becomes weaker and eventualÌy 
pops. Adding a small amount of 
glycerin to your bubble formula 
helps the bubbles last longer 
because the gÌycerin rmmixes ïn 
with the water, delaying ïts evap- 
oration. Soap molecules don't 
form bubbles very wel] in hard 
water. The reason for thỉs is 
because the soaps bind with the 
calcium ions of the hard water, 
which effectively weakens the 
interactions between the soap 
and the water. Sulfate- or sul- 
fonate-based detergent mole- 
cules, however, do not bind with 
calcium, which is why these 
detergents are especially good at 
forming suds and soap bubbles. 


MORE TO EXPLORE: 


Ron Hipschman, San Francisco 
Exploratorium 
www.exploratorium.edu/ronh/ 
bubbles/bubbles.html 
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Hard water 


Resin beads 


Softened water 


FIGURE 7.27 


(1) Negatively charged sites on 
the unused Ion-exchange resin 
are occupied by sodium Ions. 

(2) As hard water passes over the 
resin, sodium ions are displaced 
by calcium and magnesium ions. 
(3) ARter the resin becomes satu- 
rated with calcium and magne- 
sium ions, it is no longer effective 
at sOftening water. 


are able to do this because their positive charge (2+) is preater than that of the 
sodium ions (I+). The calcium and magnesium ions therefore have a greater 
attraction for the negative sites on the resin. The net result ¡s that for every one 
calcium or magnesium ion that binds, two sodium ions are set loose. Ín this way, 
the resin ¿xe2øesions. The water that exits the unit is free of calcium and mag- 
nesium ions but does contain sodium ions in their place. Eventually, all the sites 
for calcium and magnesium on the resin are filled, and then the resin needs to be 
either discarded or recharged. It is recharged by flushing ¡t with a concentrated 
solution ofsodium chloride, NaCl. The abundant sodium ions displace the cal- 
cium and magnesium ions (ions are ¿xc0z;ge/once again), freeing up the bind- 
¡ng sites on the resin. 


® In Perspective 


e are now at a point in this textbook where you should have a fñrm 

understanding of how subatomic particles make atoms, how atoms 
make molecules, and how molecules interact with one another through rela- 
tively weak attractive electric forces. W/ith this background, you are ¡in a good 
positon to understand and appreciate the real-world applications of chemistry, 
such as those that were discussed in the ñnal sections of this chapter. An impor- 
tant goal oŸ Cøzcep£al CÖei/sfry 1s to g1ve you an understanding of the submi- 
croscopic basis of your macroscopic world. Toward this goal, the next chapter 
focuses on the macroscopic behavior of water and on how that behavior is deter- 
mined by the properties ofFindividual water molecules. 


' KEY TERMS 


Hydrogen bond A strong dipole-dipole attraction 
between a sliphtÌly positive hydrogen atom on one 
molecule and a pair of nonbonding electrons on 
another molecule. 


Induced dipole A dipole temporariÌy created In an 
otherwise nonpolar molecule, induced by a 


neighboring charge. 


Solvent The component in a solution present in the 
largest amount. 


Solute Any component in a solution that ¡s not the 
solvent. 


Dissolving The process of mixing a solute In a solvent. 


Saturated A solution containing the maximum 
amount of solute that will dissolve. 


Unsaturated A solution that will dissolve additional 
solute If¡t is added. 


CHAPTER HIGHLIGHTS 


SUBMICROSCOPIC PARTICLES ELECTRICALLY 
ATTRACT ONE ANOTHER 


1. What ¡s the primary difference between a chemical 
bond and an attraction between two molecules? 


2. Wlhich is stronger, the ion-dipole attraction or the 
induced dipole—induced dipole attraction? 


3. Why are water molecules attracted to sodium chloride? 


4. How are Ion-dipole attractions able to break apart 
ionic bonds, which are relatively strong? 


5. Are electrons distributed evenly or unevenly in a 
polar molecule? 


6. What is a hydrogen bond? 
7. Are induced dipoles permanent? 
8. Why is ¡t dificult to induce a dipole in a Ñuorine atom? 


9, Why ¡s the boiling point of octane, C;H;s, so much 
hipher than the boiling point of methane, CH„? 


A SOLUTION IS A SINGLE-PHASE 
HOMOGENEOUS MIXTURE 


10. Why ¡s a ruby gemstone considered to be a 
solution? 
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Concentration Á quantitative measure of the amount 
of solute in a soluton. 


Mole 6.02 x 10” ofanything. 


Molarity A unit ofconcentration equal to the number 
of moles ofa solute per liter of solution. 


Solubilicy The ability ofa solute to dissolve in a given 


solvent. 


Soluble Capable of dissolving to an appreciable extent 
In a given solvent. 


Insoluble Not capable of dissolving to any appreciable 
€extent in a given solvent. 


Precipitate A solute that has come out of solution. 


11. Distinguish between a solute and a solvent. 
12. What does it mean to say a solution is concentrated? 


13. Distinguish between a saturated solution and an 
unsaturated solution. 


14. How ¡s the amount ofsolute in a solution calculated? 


15. Is 1 mole of particles a very large number or a very 
small number of particles? 


SOLUBILITY 1S A MEASURE OF HOW WELL 
A SOLUTE DISSOLVES 


16. By what means are ethanol and water molecules 
attracted to each other? 


17. What effect does temperature have on the solubility 
of£a solid solute in a liquid solvent? 


18. What effect does temperature have on the solubility 
oFa gas solute in a liquid solvent? 


19. How are supersaturated solutions made? 


20. What does it mean to say that two matcriaÌs are 
infinitely soluble in each other? 


21. What kind ofelectrical attraction is responsible for 
oxygen$ ability to dissolve in water? 
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22. What ¡s the relationship berween a precipitate and a 
solute? 


23. What do oxygen molecules and perfuorodecalin 
molecules have in common? 

SOAP WORKS BY BEING BOTH POLAR 

AND NONPOLAR 

24. Which portion ofa soap molecule is nonpolar? 


25. Water and soap are attracted to cach other by what 
type of electrical attraction? 


li la (0150002413 TỶ 
Nội cú, 


26. Soap and grime are attracted to each other by what 
type of electrical attraction? 


27. What is the difference between a soap and a 
detergent? 


28. What component of hard water makes it hard? 


29. Why are soap molecules so attracted to calcium and 
magnesium I1ons? 


30. Calcium and magnesium ions are more attracted to 
sodium carbonate than to soap. Ñ/hy? 


'CONCEPT BUILDING @ srciNNrR ÏÖ tNTERMEDIATE $ rxprrr 


31. ® FEriends on a crowded ice-skating rink tend to 
stay together. Strangers, however, tend to disperse. 
Draw an analogy from this to atoms forming chemical 
bonds or molecules interacting. 


32. ® Why ¡sa water molecule more attracted to a cal- 
cium Ion than a sodium Ion? 


33. 8 The charges with sodium chloride are all bal- 
anced——for every positive sodium ion there is a COTre- 
sponding negative chloride ion. Since its charges are 
balanced, how can sodium chloride be attracted to 
water, and vice versa? 


34. @® Is a water molecule more attracted to another 
water molecule or to a sodium ion? Explain. 


35. Why ¡s calcium fuoride, CaF;, a high-melting- 
point crystalline solid while stannic chloride, SnCÏ¿, ïs a 
volatile liquid? 


36. # Why are there no strong hydrogen bonds ïn liq- 
uid hydrogen sulfde, H;S? 


37. @ Why are ion-dipole attractions stronger than 
dipole-dipole attractions? 


38. # Chlorine, CỈ,, is a gas at room temperature, but 
bromine, Br;, ¡s a liquid. hy? 


39. 8 Plastic wrap ¡s made of nonpolar molecules and 
1s able to stick well to polar surfaces, such as glass, by 
way of dipole-induced dipole attractions. Why does 
plastic wrap also stick to itself so well? 


40. Dipole-induced dipole attractions exist between 
molecules of water and molecules of gasoline, and yet 
these two substances do not mix because water has such 
a strong attraction for itself. Select the compound that 


might best help these two substances mix into a single 


liquid phase: 


bộ kÌ THÍ 


mm. 
a H—O—C—C—C—H 


HH lì 
b. NaTCI" 
H 
c H—C—H 
H 


41.® How are oxygen molecules attracted to water 
molecules? 


42.® How can nonpolar atoms induce dipoles in 
other nonpolar atoms? 


43. 4 List the following compounds ¡in order of 
Increasing boiling point: Cl¿, CBr¿, CC¿, CE¿,. 


44. & Which should have a greater solubility in water: 
NH; or NCI;? Why? 


45. A thin stream ofwater is attracted to a statically 
charged balloon. Mighrt a small ice cube also be 


attracted to a statically charged balloon? 


4ó. ® What happens to the volume ofa sugar solution 
as more sugar 1s dissolved in it 


47. ® hy is the surface area ofFa geckos foot so 
€XtensIve? 


48. 4 Which molecule has the greater dipole? 
Explain. 


lT LÍ 
lộiGGG\IE Đen © H-'R— PC. 
Mm s . = 
HH , H H tỉ ` 


49. Explain why, for these three substances, the solu- 
bility in 20°C water goes down as the molecules get 
larger but the boiling point goes up: 


Boiling poiïnt/ 
Substance Solubility 
lỗi 65C 
CH;—O inÑnite 
.= 117% 
` 138°C 


50. ® The boiling point of 1,4-butanediol is 230°C. 
Would you expect this compound to be soluble or 
insoluble in room-temperature water? Explain. 


H 
v22 
cùi —CHj Ha tp lÔ®) 


1,4-Butanediol 


1e JollouUing diagram dlescribes the phase 0ƒ tUat€r ?el2- 
tiuUe to temp€ratute and pressure. Le tbís đliagram [or 


41esf/0/S 2 Ï—25. 


Water Phase Diagram 


liquid 


Pressure (atm) 


Temperature (°C) 
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51.® Atwhich point is water boiling? 


52.® At which point does water exist in alÏ three 
phases? 

53. 4 What happens to the melting point of water as 
pr€ssure 1s Increased? 


54. & What happens to waters boiling point as pres- 
Sure Is Increased? 


55. ® ]s it possible for ice to transform to water vapor 
without ever becoming liquid? 


1e follouUing diagrazn dlescribes tbe phase 0ƒ xe071 ?el2- 
t¡ue to tenpcratute ad pressute. se thịt diagr40m [o7 
g1esfzons 26—60. 


Xenon Phase Diagram 


Pressure (atm) 


-121 -112 108 
Temperature (°C) 


56. ® WWhat ¡s the phase of xenon at —121°C and 
0.75 atm? 


57, ® What is the phase of xenon at—112°C and 
0.90 atm? 


58. ® As you Increase the pressure on a material, what 
happens to its density? 


59. $ Which ¡s more densc: liquid xenon or solid 


xenon? 


60. ® hat do you ask in reply to the question: “Ät 
what temperature does liquid xenon begin to boil?” 


61. ® Why does oxygen have such a low solubility in 
water? 


62. @ Why does the solubility oFa gas solute in a liq- 


uid solvent decrease with Increasing temperature? 


63. #4 Based on atomic size, which would you expect to 
be more soluble in water: helium, He, or nitrogen, N;? 


64. & lí nitrogen, N;, were pumped into your lungs at 
high pressure, what would happen to its solubility In 
your blood? 


65. The air a scuba diver breathes is pressur1zed to 
counteract the pressure exerted by the water surround- 


¡ng the divers body. Breathing the high-pressure air 
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Caus€S eXC€s§Ive amounts oŸ nitrogen to dissolve In 
body fluids, especially the blood. Ifa diver ascends to 
the surface too rapidly, the nitrogen bubbles out of the 
body fuids (much like the way carbon dioxide bubbles 
out ofa soda immediately after the container is 
opened). Th¡s results in a painful and potentially lethal 
medical condition known as the 6/7. Ñhy does 
breathing a mixture of helium and oxygen rather than 
air help divers avoid getting the bends? 


66. ® Why are noble gases infinitely soluble in other 
noble gases? 


67. ® Does a plasuc bottle filled with fresh water sink 
or float in the ocean? oes a plastic bottle flled with 
ocean water sink or foat in a fresh water lake? Why? 


68. 8 A sealed plastic bottle fñlled with air foats híph 
in ocean water. \W/hen sand ¡s added, however, the 
bottle foats deeper. At some point enouph sand can 
be added so that the bottle foats just beneath the 
surface. What is true about the point at which this 
happens? 


69. 8# Some sand ¡s removed from the sand-containing 
bottle of the previous exercise—the one that foats just 
beneath the surface of the ocean. The bottle ¡s then 
placed in some fresh water, where ït floats just beneath 
the surface. What is true about the amount of sand that 
was removed from the bottle? 


70. # Two plastic bottles of fresh seltzer water are 
opened. Three-fourths of the first bottle are poured out 
for drinking and only one-fourth of the second bottle ¡s 
poured. Both bottles are then tightÌy resealed. The next 
day they are both reopened but one is less ñzzy. Which 
one? Why? 


71. Describe two ways to tell whether a sugar solu- 
tion is saturated or not. 


72. ® Which solute in Figure 7.20 has a solubility 
in water that changes the least with Increasing 
temperature? 


73.6 At 10°C, which ¡s more concentrated: a saturated 
solution ofsodium nitrate, NaNO¿, or a saturated solu- 
tion ofsodium chloride, NaC}]? (See Figure 7.20.) 


74. # A saturated aqueous solution oFcompound X 
has a higher concentration than a saturated aqueous 
solution ofcompound Y at the same temperature. IÖoes 
1t follow that compound X is more soluble in water 
than compound Y? 


75. 8 The volume of many liquid solvents expands 
with increasing temperature. What happens to the con- 
centration ofa solution made with such a solvent as the 
temperature of the solution ¡s increased? 


76. 8#. Suggest why sodium chloride, NaC], ¡s insoluble 
in gasoline. Consider the electrical attractions. 


77. # Recall from Chapter 3 that the isotopes oFan 
atom differ only in the number of neutrons in the 
nucleus. 'Ïwo Isotopes of hydrogen are the more com- 
mon Ø7ø/7 isotope, which has no neutrons, and the 
less common Z7 isotope, which has one neu- 
tron. Either isotope can be used to make water mole- 
cules. Water made with deuterium is known as Ö¿Zøy 
za/er because each molecule 1s about l Ï percent more 
massive than water made with protium. Mipht you also 
expect the boiling point of heavy water to be about 

11 percent greater than the boiling point of regular 
water? Draw a picture of these two molecules Iyou 
necd help visualizing the difference between them. 


78. $ Which would you expect to have a hipher melt- 
¡ng point: sodium chloride, NaC], or cesium chloride, 


CsC]› Why? 


79.8 Hydrogen chloride, HC], ïs a gas at room tem- 
perature. Would you expect this material to be very sol- 
uble or not very soluble in water? 


80. # \Would you expect to ñnd more dissolved oxygen 
in ocean water around the North Pole or in ocean water 
close to the equator? Why? 


81. Ofthe rwo structures shown here, one is a typi- 
cal gasoline molecule and the other is a typical motor 
oil molecule. Which ¡s which? Base your reasoning not 
on memorization but rather on what you know about 
electrical attractions between molecules and the various 
physical properties of gasoline and motor oiÏ. 


HHHHMHHMHMHMHMHHMHHIMH 


| | | 
H-C-G-G-G-g-€-tce-qe-G-G-G-O-o-e-n 


ĐI lì bì bì bú bạ bí bÌ b1 bì bạ bí bì bị bị bị 


Structure A 


HH HH HH.H 
H-C-C-C-C-C-C-C-C-H 
HHHHHHHH 


Structure B 


82.8 What ¡s the boiling point ofa single water mole- 
cule? Why does this questlon not make sense? 


83.4 Accounr for the observation that ethanol, 
©,H:OH, dissolves readily in water but dimethyl ether, 
CH;OCH;, which has the same number and kinds of 
atoms, does not. 


H THỊ HH 

 . li Đ lth _U lm . 
J—=..ẻ1. nh. Nx. 

5. ý TT ` 

lãi lại 

Ethanol Dimethyl ether 


84. 8 WWhy are the melting points oÊ most Ionic com- 
pound› far higher than the melting points of most 
covalent compounds? 


85. ® An inventor claims to have developed a perfume 
that lasts a long time because it doestt evaporate. 
Comment on this claim. 


8ó. # How necessary is soap for removing salt from 


your hands? Why? 


87. hen you set a pot of tap water on the stove to 
boil, yoưÏl often see bubbles start to form well before 
boiling temperature is reached. Explain this observa- 
tion. 


88. 8 Eish dont live very long in water that has been 
boiled and brought back to room temperature. hy? 


89. @ Why mipht softened water not be good for per- 
sons trying to reduce their dietary sodium-ion intake? 


90. ® A scum forms on the surface ofboiling hard 
water. W/hat ¡s this scum? Why does ít form? 


91. ® Why do hot water heaters lose their efficlency 
quicker in households with hard water? 


92. 6 WWhen are water molecules not held together by 
dipole-dipole attractions? 


TuH) acid molecules can aljgn to [orr a barrier calledl a 
bjljp74l lay, sbotUn bế. Ïn thứ scbeiatic, the 10710 cndl 
0ƒ te [A1Y) Acidl 13 sbøtUn 4s 4 circle and te n100/00l2r 
chaïn ¡3 sbouU? as A sqUieel) line. Le thứ diagr4ữn [or 
4es/7ons 93-94. 


93. @ Why do nonpolar molecules have a difiicult 
time passing through the bilipid layer? 


| SUPPORTING CALCULATIONS 


Ỉ 


101.  How much sucrose, in prams, Is there in 5 liters 


o£an aqueous solutlon o£sucrose that has a concentra- 
tion o£0.5 gram of sucrose per liter of solution? 
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94. @ Why do polar molecules and ions have a hard 
time passing through the bilipid layer? 


95, # Fatty acid molecules can also align to form a 
bilipid layer that extends in 3 dimensions. Shown here 
1S a Cross sectlon of this structure, which ¡s called a 
zposøzze. Thìs is similar to the micelle shown in Fipure 
7.24, thouph notably different because It contains an 
inner compartment of water. Add some biomolecules 
and what does it become? (7 It forms the basis of all 


life.) 


96. ® Where does most of the washless hand sanitizer 
go after being rubbed into your hands? 


97. #4 Think ofa question that is answered by the fol- 
lowing answer: “Calcium fuoride is much less soluble 
in water than ¡s sodium fuoride.” 


98. @ Why does rubbing hand sanitizer into your 
hands cause it to disappear faster? 


99. ® Phosphate ions, PO¿””, were once added to 
detergents to assist In cleaning. What function dịd they 
serve? 


100. ® Phosphate ions, PO¿”, are no longer added to 
detergents because they cause excessive growth ofalgae 
in aquatic habitats receiving the wastewater. Ñhat 
chemical has replaced them? 


 srciNNrR ÏÕ tNTERMEDIATE Ằ ExpERT 


102. 4 How much sodium chloride, in prams, is needed 
to make 15 L ofa solution that has a concentration of 
3.0 grams of sodium chỈoride per liter of solution? 
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103. 8 Ifwater ¡s added to 1 mole of sodium chloride 
in a Rask until the volume of the solution ¡s 1 liter, 
what is the molarity of the solution? ÑWhat ¡s the molar- 
ity when water Is added to 2 moles ofsodium chloride 
to make 0.5 Ïiter of solution? 


104. 8. A studenr is told to use 20.0 grams oỂsodium 
chloride to make an aqueous solution that has a con- 
centration of 10.0 grams of sodium chloride per liter of 
solution. Assuming that 20.0 grams of sodium chÏloride 
has a volume of 7.5 milliliters, about how much water 
will she use in making this solution? 


105. $ WWhat ¡s the sum of the atomic masses of all the 
atoms in sucrose, C;„H;;O;;? 


| HANDS-ON CHEMISTRY INSIGHTS 


CIRCULAR RAINBOWS 


Paper chromatography was originally developed to sep- 
arate plant pigments from one another. Ihe separated 
pigmenrs had different colors, which ¡s how this tech- 
nique got its name——e/zøz 1s Latin for “color.” Mix- 
tures need not be colored, however, to be separable by 
chromatography. All thats required ¡s that the compo- 
nents have distinguishable affinities for the moving sol- 
vent and the stationary medium, such as paper, through 
which the solvent passcs. 

There are many other forms of chromatography 
besides paper chromatography. In eolz cbrø?w4fogra- 
?jy, the mixture to be separated ¡s loaded at the top ofa 
column o£sandlike material. A solvent passing through 
the column pulls the components of the mixture 
through the material at different rates. As the puriRed 
componenrs drip out the bottom of the column at di£- 
ferent times, they can be collected in separate fasks. 

In øs cÙzøzrogrzp#y, a liquid mixture ïs injected 
Into a long, narrow tube that has been heated to the 
point that the liquid mixture becomes a gaseous mix- 
ture. Each component of the gaseous mixture travels 
throuph the tube at its own rate, which ¡s determined 
by the affinity that the component has for a stationary 
medium coating the inner surface of the tube. Gas 
chromatography can be used to isolate extremely small 
quantitles, which makes it a valuable analytical tool for 
many purposes, such as drug testing. 


OVERFLOWING SWEETNESS 


Ít cant be emphasized enoupgh that a solute continues 
to occupy space whether or not it ¡s dissolved ¡n a liq- 


106. ® One mole of sugar equals how many grams? 


107. ® How many moles oÊsugar are there in 
200 grams? Multiply this number by 6.02 x 107, 


then reexamine Figure 7.15. 
108. $ One mole of water equals how many grams? 


109. # How many moles of water are there in 100 grams 
Of water? 


110. ® How many molecules of water are there in 
100 grams of water? 


uid. The volume o£water that spills over the edge of the 
glass In this activity is the volume ofwater displaced by 
the dissolved solid. As sugar dissolves in water, the 
sugar molecules are merely pulled out of the crystal lat- 
tice to become individual entides. Ñ/hether ít is part of 
a lattice or free-floating, however, cach sugar molecule 
occupies the same volume. 


CRYSTAL CRAZY 


Interesting crystals can also be made from supersatu- 
rated solutions of Epsom salrs (MgSO/ - 7 HạO) and 
alum (KAI(SƠ,); - 12 H;O), whích ¡s used for pickling 
and ¡s available in the spice section oŸsome ørocery 
stores. Crystal shape directly relates to how the ions or 
molecules ofa substance pack together. In fact, sub- 
stances are often characterized by the shape of the crys- 
tals they form. C7s#z/Jogrzp#y 1s the study of mineral 
crystals and their shapes and structure. 

lfyou try any experiments with Epsom salts or alum, 
note how different solutes give rise to different crystal 


shapes. 


. ANSWERS TO CALCULATION 
¡ CORNER 


CALCULATING FOR SOLUTIONS 


1. Multiply the solution concentration by the 
amount of solution you must end up with to obtain 
the amount ofsolute required: 


(380 g/L)(3 L) = 1140 g 


2. Divide the amount of solute by the solution 
concentration to obtain che amount of solution she 
prepared: 


20g = 
10 g/L 


| EXPLORING FURTHER 
ị 
www.goople.com 


M s¿hard water magnets Zs 2 /0eÐ-searcb keyuUord to fnả a 
laree n„uiwuber 0ƒuebsites that aduertise te 1šể 0ƒ 1nagnetic 
Jlel to preUent calciuw buildup 7n phươnbing. The pro- 
poscdl mcecbansm 13 that the muagnetic [ieldl [acil/tafet the 
ormation 0ƒ calcimum carboniat€ crJstal 1n tbe 1uafer ratDer 
than ơn the pibes. But uaitl Calciu?n 101 are not aHractel 
to 704gncls the tUay 1etdllic iron 1s. Does 07s methodl 
reall) tuork? Betuare and be critical. Tbe 1ueb is chocR-ƒull 
0ƒ?1in[0z1a1100. 


www.med.umich.edu/liquid/Research.html 


M x¿peruorocarbon zs 4 10cb-seazcb keyiUord andÍ Jou 
tuill jtmd refercnces, most 0ƒ them tecbnical, to 4 Uarief) 0ƒ 
14edlical and otber uses for liquldl per[fuorocarboøws. TĐe s/ie 
listezl bere 1s that 0ƒ the Liqudl VenHilation Program at the 
Unuiuersit) 0ƒMichigan. Scroll to the bottor oƒ the bomne 
page for a lát 0ƒ 1sfil linÉs, 
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'WWW.SU8AFT.OTE 


M A1ccordng to thí site, the Sugar lst0ciation ï+ prowidl to 


proUile reliable, science-basedl inƒ[0rmation ab0uf 0f€, 
natural sugat. Furthermote, relianece on soudl science bas 
Ð0970niedl the ašs0ctatfon 4s ä Íeddk€7 10) C010017010101CA11716 
Accurate inƒ0†nation about the tutTiHonal and ƒu0ic- 
tionAl tụses 0ƒ`Yg4r f0 consu2ers, pro[@ssionAab, ai the 
7€/lA. 


www.Ída.gov/fdac/features/2003/503_ fats.html 


1s tueb pa@e 0ƒ the Food andl Drug Adln1nisHation 
escribes trai [als anvl do sbot0s 4 Ìisting 0ƒ tras [4B 
Jou0l in conuwon ƒood. Alo notedl 1$ tbat the aUe4ge dl4/]ÿ 
trans fat Intake [or the Aimericann adlMlt ¡s 5. @rw1w3, tubícb 
¡s 2.6 percent 0ƒ dail) consuzwedl Calories. 


www.ConceptChem.com 


Vi/t ConceptCbern. com to régister Jou+r Concebtual Chem- 
/stry Aluel DVD-ROM. Registereil 1šers receiuUe [}ee tecb17- 
caÏ support as tUelÏ 4s access lo tbe auto 3 anst0rs to the 
ouer 600 gest/0?1š apearing 0itbin CCAlliuel Behind-tbe- 
scene pbotos 4s 1Uell as fnwferestng in[ormation about the 
cast, creu, ai~l production 0ƒ`CC/1liuel are also auailable. 
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Visit The Chemistry Place at: 
WWWw.aw-bc.com/chemplace 


PARTIALLY 
HYDROGENATED FATS 
% 


“Partially hydrogenated.” It is a 
phrase that seems to be on the ïngre- 
đients list of nearly every food prod- 
uct nowadays. There are others, such 
as “trans-free,”“low in saturated 
fats,” and “high ïn unsaturated fats.” 
What do these phrases mean? What 
1s supposed to be good for you and 
whatis bad? Fortunately, you aÌready 
have learned much chemistry and 
the answers to these sorts of myster- 
ies are easily at hand. 

One of the building blocks of 
đietary fats are fatty acid mmolecules, 
as shown to the right. Every fatty acid 
molecule consists of a long chaïn of 
nonpolar carbon atoms attached to a 
polar carbon and oxygen unit known 
as a carboxylic acid. As discussedïn 
Chapter 13, there are two types of 
fats—those made from fatty acids 
with no double bonds, and those 
made from fatty acids with one or 
more double bonds. Fatty acids with 
no double bonds are called saturated 
fatty acids, while those with one or 
more double bonds are called 
unsaturated fatty acids. 
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nonpolar carbon chain 


polar carboxylic acid 


Saturated fatty acid 


double bond MớNG 


ae 
_ỶớỶỹ 


nonpolar carbon chain 


polar carboxylic acid 


Únsaturated fatty acid 


Saturated fat molecules are able 
†o pack tightly together because their 
fatty acids poïnt straight out and 
align with one another, much like a 
bunch of wooden matchsticks in a 
match box. Induced đipole-induced 
dipole attractions hold the aligned 
chaïns together. This gives saturated 
fats, such as lard, relatively high melt- 
ïng poïnts, and as a result they tend 
†o be solid at room temperature. The 
fatty acid chaïns ofunsaturated fats 
are “kinked” wherever double bonds 
Occur. The kinks inhibit alignmentt, 
and as a result unsaturated fats tend 
†o have relatively low melting points. 
These fats are liquid at 
room temperature and are 
commonly referred to as 
oiÏls.Most vegetable oï]s are 
liquid at room termmpera- 
ture because of the high 
proportion of unsaturated 
fats they contaïn. 

So which are better for 
you: saturated or unsatu- 
rated fats? The answer is 
that the body needs both 
†o remain healthy. For 
example, the body uses 
saturated fats to produce 
cholesterol, which is 


needed to strengthen celÌl mem- 
branes. Numerous biomolecules are 
also made from unsaturated fats. 
Furthermore, both saturated and 
unsaturated fats are required by the 
body because of their high energy 
content. A diet high in saturated fats, 
however, leads to the formation of 
plaque in the artery walls, which pre- 
disposes the body to heart attacks 
and strokes. A điet high in unsatu- 
rated fats, by contrast, can actually 
Wwork to lower blood cholesterol 
thereby reducing the risk of cardio- 
vascular đisease. For these reasons, 
điets high in unsaturated fats—the 
ones with the double bond kinks— 
are generally accepted as healthier. 
Saturated fats tend to be solid, 
while unsaturated fats tend to be liq- 
uid. Think about this from the point 
of view of a food manufacturer of, 
say, chocolate bars. Your chocolate 
bars need to be formulated with fats 
†o give them that delicious crearny 
flavor. lf you choose saturated fats, 
your chocolates wiÏl take on more of 
a solid consistency, which allows you 
†o wrap them so that they neatly dis- 
play on the grocery store shelf. lf you 
choose the healthier unsaturated 
fats, however, then your chocolate 


bars would likely melt the moment 
they left your aïr-conditioned factory. 
Furthermore,unsaturated fats tend 
to go rancid a lot faster than satu- 
rated fats, so your chocolate bars for- 
mulated with unsaturated fats 


would have a much shorter shelf life. 
What do you do? 

It has been known for oVer 10O 
years that unsaturated oils can be 
transformed to a more solid consis- 
tency by h/drogenation, a chemical 
process in which hydrogen atoms are 
added to carbon double bonds. Any 
desired consistency can be obtained 
by adjusting the degree of hydro- 
genation. Complete hydrogenation 
saturafes all the double bonds, result- 
ïng ïn a hardened saturated fat. 
Partial hydrogenation, however, satu- 
rates only some of the double bonds, 
resulting in a mixture of both satu- 
rated and unsaturated fats. This 
mixture is semisolid,which from 
a marketing perspective ïs most 
desirable. 

One of the first commercial fat 
products to arise from hydrogena- 
tion was mnargarine, which is a blend 
of partially hydrogenated vegetable 
oïls, water, salt, butter flavoring, 
emulsifiers, and preservatives. Ini- 
tially, margarine's best selling poïnt 
was ïts low price. But by the 197Os, ït 
became recognized as a healthier 
alternative to butter, which had 
been revealed to increase the inci- 
dence of heart disease. A couple of 
decades later, however, the good 
Tiews for rnargarine and the multi- 
tude of other products containing 
partially hydrogenated fats began to 
fade when studies showed that 
hydrogenation also creates what are 
known as “trans” unsaturated fats. 
Ina trans unsaturated fat, the orien- 
tation of the double bond is 
switched such that the carbon chaïn 


“trans”“double bond 


“Trans” unsaturated fatty acid 


becomes linear, resembling a satu- 
rated fat. 

Trans fats, it was found,increase 
the incidence of coronary heart 
disease by mïimicking the plaque- 
forming properties of saturated fats. 
Accordïng to the U.S. Food and Drug 
Administration, an average candy bar 
contains 4 grams of saturated fats 
and 3 grams of trans fats. A serving of 
stick margarine contaiïns 2 grams of 
saturated fats and 3 grams of trans 
fats. French fries contaïn 7 grams of 
saturated fats and 8 grams of trans 
fats. So, the proportion of trans fats in 
Tnany commonly consumed foods ¡is 
significant. To help the consumer 
Tnake informed food choices, the FDA, 
starting ïn January 2oo6, began 
requiring that nutrition labels dis- 
play the content of trans fats. From 
these labels you will find that “when 
ïn doubt, the soft one wins out, but 
liquid is always better.” 


cK 


List the following products ïn 
order of increasing proportion of 
trans fats: stick margarine, soft 
tub margarine, butter. 


Was thỉs your answer? 
Interestingly, trans fats occur nat- 
urally, bụt only to a very smal] 
extent. The trans fat content of 
butter is therefore negligible. The 
soft tub margarine is soft because 
ït wasnt hydrogenated for very 
long, which means that ït has 
fewer trans fats than does the 


stick margarine. In order of 
increasing trans fat content: but- 
ter < soft tub margarine < stick 
margarine. 


IN THE SPOTLIGHT 
DISCUSSION QUESTIONS 


1. Today,ïn the United States mar- 
garine outsells butter by a 2:1 ratio. 
Do you generalÌy use rnargarine or 
butter or neither? Why? Also, butter 
has practically no trans fats. Does 
this mean that butter is better for 
you than margarine? 


2. In 1886, the U.S. Congress passed the 
Margarine Act,which added a hefty 
†ax to margarine and required 
expensive licenses to make or sell ít. 
States also passed laws forbidding 
mmanufacturers to add yellow color- 
ïng to the naturally pale spread. 
Why do you suppose these laws 
were enacted? Do you agree with 
these sorts of laws? 


3. Some vegetable oïls, such as palm 
oïl, are high in saturated fats. Do you 
think these saturated vegetable oïls 
wïll become more or less popular as 
the public becormes more mmindful of 
buying products advertised as being 
“trans free”? Why? 


4. Trans fats have been added to the 
nutrition labels of foods.What next? 
WïTl nutrition labels eventually 
become so detaïled that they rarely 
get read by consumers? At what 
poïnt does a label provide “too much 
information”? 


5. Processed foods are made of the 
same kinds of atoms as are fresh 
foods. So why all the hype agaiïnst 
processed foods? 
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Water Molecules Form 
an Open Crystalline Structure 
in lce 


Freezing and Melting Go On 
at the Same Time 


The Behavior of Liquid Water 
Is the Result of the Stickiness 
of Water Molecules 


Water Molecules Move Freely 
Between the Liquid and 
Gaseous Phases 


It Takes a Lot of Energy 
†o Change the Temperature 
of Liquid Water 


A Phase Change Requires 
the Input or Output of Energy 


MACROSCOPIC 
CONSEOUENCES OF 
MOLECULAR STICKINESS 


` 

You are rnade of water, born into a world of water, and then 
forevermore dependent on water. You can survive for more 
than a month without food, but without fresh water you 
would perish in a rnatter of days. Little wonder when you 
consider that water makes up about 6o percent of your body 
mass. Its the ideal solvent for transporting nutrients 
throudgh your body and for supporting the countless bio- 
chemical reactions that keep you alive. All living organisms 
we know of depend on water. lt is the rnedium of life on our 
planet and arguably our most vital natural resource. 

Water is so cormmmon ïn our lives that ïts many unusual 
properties easily escape our notice. Consider, for example, 
that water is the only chemical substance on our planet's 
surface that can be found abundantly in all three phases— 
solid, liquid, and gas. Another unique property of water is ïts 
great resistance to any change ïn temperature. As a result, 
the water in you moderates your body temperature just as 
the oceans moderate global temperatures. Water's resistance 
†o a change ïn temperature is also why †t takes so long for a 
pot of water to boil and why firewalkers benefit by walking 
on wet grass before stepping on red-hot coals. Consider also 
that,unlike most other liquids, which freeze from the bottom 
up, liquid water freezes from the top down. To the trained eye 
of a chemist, water is far from a usual substance. Rather, it's 
downright bizarre and exotic. 

Almost all of the amazing properties of water are a con- 
sequence of the ability of water molecules to cling tena- 
ciously to one another by way of electrical attractions. 
Recall that each attraction, called a hydrogen bond, occurs 


between one of the positively charged hydrogen atoms of 
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256 CHAPTER 8 THOSE INCREDIBLE WATER MOLECULES 


one water molecule and the negatively charged oxygen atom of another 
water mmolecule. In this chapter we explore the physical behavior of water 
while diving into the details and consequences of the “stickiness” of 
water rnolecules.VWWe begin by exploring first the properties of solid water 
(ice), then those of liquid water, and finally those of gaseous water, aÌso 


known as water vapor. 


* 81 Water Molecules Form an Open Crystalline 
Structure ïn lce 


Em tells us not to place a sealed glass jar of liquid water in the 
freezer, for we know that water expands as it freezes. Irapped ¡n the Jjar, 
the freezing water expands outward with a force strong enouph to shatter the 
glass into a hazardous mess or to pop the lid from the jar, as shown in Figure 
8.1. This expansion occurs because when the water freezes, the water mole- 
cules arrange themselves In a six-sided crystalline structure that contains 
many open spaces. As Figure 8.2 shows, a given number of water molecules 
in the liquid can get relatively close to one another and so occupy a certain 
volume. Water molecules in the crystalline structure of ice occupy a greater 
volume than in liquid water. Consequently, ¡ce ¡s less dense than liquid water, 
which ¡s why ice foats in water. (Interestinely, the increase in volume that 
occurs when water freezes is equal to the volume of the ice foating above the 
liquid waterS surface.) This property ofexpanding upon Íreezing ¡s quite rare. 
The atoms or molecules of most frozen solids pack in such a way that the 
solid phase occupies a s///zrvolume than the liquid phase (Figure 8.3). 


The expansion of the freezing 
water Inside the jar caused the lid 
to rise above the mouth of the 
Jar. 


——Đ = ` ⁄ " T2 beat - 

CC _. : “® _“Ñ 

Á LÀ: ⁄e- ⁄ N27 „w« ⁄) 
53v» e "e e7 

Za®®ẺS. lŠ Ä Š |{ 

y x s„ ` / | về cề | : ẻé \ 
"® è _-.ô ` *“ # “e" “ae 
t2 » Š À dử | Ả “ = lễ 
l“%. - am “sa Ì | x = | 
weẹ 9 ®/ / ®, òð, &, 
\ É ca K. C 2 < mẽ 

na ch 


(dense) (less dense) 


Water molecules in the liquid phase are arranged more compactly than water mole- 
cules in the solid phase, where they form an open crystalline structurc. 
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lce 


Paraffin molecule 


cK 

Are you ïnterpreting correctly the illustration of water”s open crystalline 
structure shown in Figure 8.2? lf you are, you'Tl be able to answer thỉs ques- 
tion: what's inside one of the open spaces? 


a. aÏr 2 

b. water vapor + ®+( + 

c. nothing ? _.) _. 
* —————> =< 


®©. 


„®› e` 


Was thỉs your answer? lí there were air in the spaces, the ïllustration would 
have to show the molecules that make up aïr, such as O. and N.,which are 
comparable in size to water mmolecules. Any water vapor ïn the spaces would 
have to be shown as free-roaming water molecules spaced relatively far 
apart. The open spaces shown here represent nothing but empty space. The 
ansWer ïs C. 


The hexagonal crystalline structure of H;O molecules in ice has some 
interesting effects. Most snowfakes, like the one in Eipure 8.4, share a similar 
hexagonal shape, which ¡s the microscopic consequence of this molecular 
øeometry. AÏso, applying pressure to ice causes the open spaces to collapsc. 
The result ¡is the formation of liquid water. The great weight of a glacier, for 
example, causes its underside to melt. Ñ¡th its wet underside, a glacer sÌowly 
slips down mountains to the ocean where it spawns icebergs. Another appli- 
cation of the pressure melting of ice is given in the Hands-On Chemistry on 
page 258. 

Interestinply, Ice 1s coverd by a thin RñÌm of liquid water even at temperatures 
well below freezing. This is because ices hexagonal structure requires support 
in three dimensions. At the surface, water molecules ñnd nothing above them 
to cling to. The hexagonal structure at the surface 1s thus weakened to the point 
where it collapses Into a thin ñÌm of liquid, which 1s what makes ice so sÏippery. 
An ice skaters skate ølides over this thin ñÏm of water as shown ¡in Figure 8.5. 

So what happens when the at surfaces of two ice cubes are held together? 
The thin liquid fÌms are no longer on a surface. Sandwiched between the two 
Ice cubes this liquid fñiÌm freezes effectively gluing the two ice cubes together. 
Lumps of snow are similarly “glued” together in the making o£a snowball. Of 


FIGURE 8.3 


(a) Because water expands as it 
treezes, ice is less dense than liq- 
uid water and so foats in the 
water. (b) Like most other mate- 
rials, paraffn Is denser In its solid 
phase than In irs liquid phasc. 
Solid parafin thus sinks in liquid 
parafin. 


FIGURE 8.4 


The six-sided geometry oŸ ice 
crystals gives rise to the six-sided 
structure of snowflakes. 
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V« Pry 
°_ L2 
_—_ Z4//un¿ƒÍ “—— HANDS-ONISI Hiệu 
% mi 
A SLICE OF ICE l 
: chaïr back near one end ofthe 
metal wire can be made to pass board, the other near the other 
through a block of ice. end. 
4. _Place the block of ice on the board 
WHAT YOU NEED and drape the wire across the top 
Brick-sized block of ice; flat board, as shown ïn the drawing. The ïice 
._ suchas length of 2-by-4 or meter- just beneath the wire wïill melt 
stick; two straight-back chairs; thin because of the pressure exerted 
metal wire about 1 meter long (cop- by the wire. The melted ice above 
per works best); two heavy weights, the wire then refreezes, trapping 
such as dumbbells or plastic miÏk the downward-moving Wire inside 
jugs filled with water the ice. 
PROCEDURE 5. After afÍew rninutes, the wire 
: : ` will have passed all the way 
1. Make the Ice by freezing water ïna through the ïce block. Once that 
plastic container of desired shape has happened, knock the ice with 
Sbc kgib: TrIAk€ cHỦng Na & t a hammer and see where it 
Sattệc nh >6 . Xp b Ni ư breaks. (In the days before refrig- 
bai ni T0 nôn ah Ủ erators, this was the way large ice 
Nhờ blocks were cut to size for the 
2. Attach one weight to each end of kitchen icebox.) 
ĐI IISI What do you suppose would hap- 
3. Support the board by layïng ït pen ïf strïng were uised instead of 
across the two chair backs, one Wwire? 
course, ¡f the weather ¡s too cold, even the surface of the snow crystals are solid, 
which prevents the formation of snowballs no matter how hard you press the 
snow together. Skiers tend to prefer this “dry snow” because it behaves more like 
a powder than a sticky slush. An alternative to skiing in super-cold weather is to 
ski at high alttudes where lower atmospheric pressure favors thinner liquid 
Rñlms, hence, drier, more powder-like snow. 
FIGURE 8.5 ¿ 


lce 1s slippery because its Crys- 
tallne structure is not easily 
maintained at the surface. 


skate blade 


b*ạt + 
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se.  t-ằx 


Thin film of 
liquid water 


lce 


8.2 FREEZING AND MELTING GO ON AT THE SAME TIME 


"* 8.2. Freezing and Melting Go On at the Same Time 


s Section 1.7 discussed, 7z/7zzoccurs when a sub- 
stance changes from solid to liquid and Øz/zz - lce 


Liquid water 


WWhen we view these processes Írom a molecular perspec- 
tive, we see that melting and Íreezing occur simultane- 
ously, as Figure 8.6 illustrates. 

The temperature 0°C ¡s both the melting and the freez- 
Ing temperature of water. Át this temperature, water mole- 
cules in the liquid phase are moving sÌlowly enoueh that 
they tend to clump together to form ice crystals——they 
freeze. At this same tempcrature, however, water molecules 
In ice are vibrating with suflicient commotion to break 
loose from the crystalline structure to form liquid water. 


occurs when a substance changes from liquid to solid. °. 
„ 
® 


( 'ề' ôÒ, 


Melting 


( 


\ Sớ mo ®.-. ‹$& 


Thus meltine and freezing occur simultaneously. 

Eor water, 0°C ¡s the special temperature at which the 
rate Of ice formation equals the rate of liquid water for- 
mation. In other words, it is the temperature at which 
the opposite processes of melting and freezing counterbalance cach other. This 
means that iÝa mixture ofice and liquid water is maintained at exactly 0°C, the 
two phases are able to coexist indefinitely. 

Any time we want a mixture ofice and liquid water at 0°C to freeze solid, we 
need to favor the rate of ice formation. This is accomplished by removing heat 
energy, a process that facilitates the formation of hydrogen bonds. As shown in 
Eigure 8.7, when water molecules come together to form a hydrogen bond, heat 
energy ¡s released. In order for the molecules to remain hydrogen-bonded, this 
heat energy must be removed——otherwise, the heat energy can be reabsorbed by 
the molecules, causing them to separate. The removal of heat energy therefore 
allows hydrogen bonds to remain intact after they have formed. As a result, there 
¡s the tendency for the ice crystaÌs to grow. 

Conversely, we can øet a mixture ofice and liquid water at 0°C to melt com- 
pletely by adding heat energy. This heat energy goes into breaking apart the 
hydrogen bonds that hold the water molecules together, as shown ¡n Figure 8.8. 
Because more hydrogen bonds between water molecules are breaking, there Is 
the tendency for the ice crystals to meÌt. 


HH. ma | 
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Đ= ô+ ổ— 
FIGURE 8.7 FIGURE 8.8 
- Ás two water molecules come together to form a Heat energy must be added in order to separate 
ị hydropgen bond, attractive electric forces cause them tO fWO WateF molecules held together by a hydro- 
accelerate toward each other. This results in an increase gen bond. This heat enerey causes the molecules 
in their kinetic energies (the energy of motion), which to vibrate so rapidly that the hydrogen bond 


1s perceived on the macroscopic scale as heat energy. breaks. 


Vibrating H;O molecules 
fixed in crystalline structure  near freezing temperature 


Slowly moving H;O molecules 


FIGURE 8.6 


At 0°, ice crystals gain and lose 
water molecules simultaneously. 
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FIGURE 8.9 


(a) In a mixture ofice and liquid 
water at 0°C, the number of 

- HO molecules entering the 
solid phase is equal to the num- 
ber of HạO molecules entering 
the liquid phase. (b) Adding a 
solute, such as sodium chloride, 
decreases the number of HO 
molecules entering the solid 
phase because now there are 
fewer liquid HO molecules at 
the interface. 


(b) lce Aqueous solution of NaCl 


Solutes tend to inhibit crystal formation. Anytime a solute, such as table 
salt or sugar, is added to water, the solute molecules take up space, as you 
learned in Section 7.2. When a solute is added to a mixture of ice and liquid 
water at 0°C, the solute molecules effectively decrease the number of liquid 
water molecules at the solid-liquid interface, as Figure 8.9 illustrates. ÑWith 
fewer liquid water molecules available to join the ice crystals, the rate of ice 
formation decreases. Because ice is a relatively pure form o£ water, the num- 
ber of molecules moving from the solid phase to the liquid phase is not 
affected by the presence of solute. The net result ¡is that the rate at which 
water molecules leave the solid phase is greater than the rate at which they 
enter the solid phase. This imbalance can be compensated for by decreasing 
the temperature to below 0°. At lower temperatures, water molecules in the 
liquid phase move more slowly and have an easier time coalescing. Thus the 
rate of crystal formation is increased. In general, adding anything to water 
lowers the freezing point. Antifreeze ïs a practical application of this process. 
The salting of icy roads 1s another. 


—CONC ˆÈH EC 
" 

On a day with normail traffic, a large parking lot has cars entering and leav- 
ïng at the same rate. lf the traffic in the streets around the lot were sud- 
denly to change so that about half of it was trucks and limousines too 
large to park ïn the lot,what would happen to the rate at which cars enter 
the lot? What would happen to the number of cars parked ïn the lot if this 
situation persisted for a couple of hours? How is thỉs scenario analogous to 
what happens when a solute is added to a mixture of ice and liquid water 
at oC? 


Were these your answers? With fewer cars on the streets, the rate at which 
cars enter the lot decreases. The rate at which cars leave the lot,however, ini- 
tially stays the same. Eventually,fewer emptied spaces get filled, and there is 
an overalÏ decrease in the number of cars parked in the lot. This scenario is 
analogous to the ice-water case because the solute particles (trucks and 
limousines) lower the number of]iquid water molecules (incoming cars) in 
contact with the ice (parking lot), thereby diminishing the rate at which 
water molecules (cars) enter the ice (parking lot). Freezing is thus deterred 
(fewer cars enter the lot), while melting continues unabated (cars leave the 
lot at the same rate). 


8.2 FREEZING AND MELTING GƠ ÔN AT THE SAME TIME 261 


WATER IS DENSEST AT 4°C 


WWhen the temperature of a substance 1s Increased, its molecules vibrate faster 
and, on average, move farther apart. The result is that the substance expands. 
W¡th few exceptions, all phases of matter——solids, liquids, and gases——expand 
when heated and contract when cooled. In many cases, these changes in voÌume 
are not very noticeable, but with careful observatilon you can usually detect 
them. Telephone wires, for Instance, are longer and sag more on a hot summer 
day than on a cold winter day. Metal lids on gÏass jJars can often be loosened by 
heating under hot water. ÏÝone part ofa piece of glass is heated or cooled more 
rapidly than adjacent parts, the expansion or contraction that results may break 
the glass. 

WWithin any given phase, water also expands with Increasing temperature and 
contracts with decreasing temperature. This is true of all three phases—ice, Ìiq- 
uid water, and water vapor. Liquid water at near-Íreezing temperatures, however, 
is an exception. Liquid water at 0°C can flow Just like any other liquid, but at 
0°C the temperature is cold enough that microscopic crystals of ice are able to 
form. These crystals slightly “bloat” the liquid waters volume, as shown in 
Figure 8.10. As the temperature is increased to above 0°C, more and more of 
these microcrystals collapse, and as a result the volume of the liquid water 
đl£Ce/43€3. 

Eigure 8.11 shows that between 0°C and 4° liquid water cøzZe/s as Its tem- 
perature ¡s raised. [his contraction, however, continues only up to 4°. Ás near- 
freezing water ¡is heated, there is a simultaneous tendency for the water to 
expand due to greater molecular motion. Between 0°C and 4°C, the decrease in 
volume caused by collapsing ¡ce crystals is greater than the increase in volume 
caused by the faster-moving molecules. As a result, the water volume continues 
to decrease. Ât temperatures just above 4°C, expansion overrides contraction 
because most of the ice crystals have collapsed. 

So, because of the effect of collapsing microscopic ice crystals, liquid water 
has its smallest volume and thus its greatest density at 4°C. (Recall from Section 
1.8 that Zz7zy is the amount of mass contained in a sample ofanything divided 
by the volume of the sample.) By deũnition, I pram of pure water at this tem- 
perature has a volume of 1.0000 milliliter. As Figure 8.11 shows, l gram of ]iq- 
uid water at 0°C has an only slightly larger volume of 1.0002 milliliters. By 
comparison, l pram ofice at 0°C has a volume of 1.0870 milliliters. As can be 
seen in the small graph on the right in Figure 8.11, the volume of 1 pram of ice 
stays above 1.08 milliliters even below 0°C, meaning that even when ice is 
cooled to temperatures well below freezing, ¡t is still always less dense than liquid 
WAtT. 


lce crystals in nearly 
frozen liquid water 


_= In most cases, the thermal expan- 


sion of]iquids is greater than the 
thermail expansion of solids. This 
is why you should never top off 
your car's gas tank on awarm 
summer day. Casoline is cooled 
by its underground storage at the 
gas station. After you place ït in 
your car's tank, it warms and 
begïns to expand. Ifthe tank and 
the gasoline expanded at the 
same rate, they would expand 
†ogether and no overflow would 
OcCur. Similarly, ïf the expansion 
ofthe glass of a therrmometer 
Were as great as the expansion of 
the mercury, the mercury would 
not rise with increasing termmpera- 
ture. The reason the mercury ïn 
the thermometer rises with 
increasing temperature is that 
the expansion of the liquid mer- 
cury is greater than the expan- 
sion of the glass. 
MORE TO EXPLORE: 

P.G. Hewitt, Conceptual Physics, 
1oth ed. San Francisco: Addison- 
Wes]ley © 2oO6. 
WWww.conceptualphysics.com 


FIGURE 8.10 


WWithin a few degrees of 0°C, liq- 
uid water contains crystals of ice. 
The open structure of thesc crys- 
tals makes the volume of the 
water slightly øreater than it 
would be without the crystals. 
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FIGURE 8.11 


Berween 0° and 4°, the vol- 
ume of liquid water decreases as 
the temperature increases. Above 
4°C, water behaves the way all 
other substances do: its volume 
ÌnCreas€s as Its t€mperature 
increases. The volumes shown 
here are for a l-pram sample. 


Liquid water 
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đ) Liquid water below 4°C is bloated 
with ice crystals. 


@) Úpon warming, the crystals collapse, 
resulting in a smaller volume for the 
liquid water. 


@) Above 4°C, liquid water expands as it is heated 
because of greater molecular motion. 


Althouph liquid water at 4°C ¡s only sliphtÌy more dense than liquid water at 
0°C, this small difference is of great importance in nature. Consider that If 
water were densest at its Íreezing point, as is true of most other liquids, the cold- 
est water in a pond would settle to the bottom and the pond would freeze from 
the bottom up, destroying living organisms in winter months. Fortunatcly, this 
does not happen. As winter comes on and the temperature of the water drops, 
Its density also drops. The entire volume of water in the pond does not cool alÏ 
at once, however. Surface water cools first because it ¡is in direct contact with the 
cold air. Being cooler than the underlying water, this surface water is denser and 
so sinks, with warmer water rising to replace it. That new batch of surface water 
then cools to the air temperature, øets denser as it does so, and sinks, only to be 
replaced by warmer water that cools. This circulation process continues on and 
on until the entire body of water has been cooled to 4°C. Then, If the air tem- 
perature remains below 4°C, the surface water also cools to below 4°. Thịs 
surface water does not sink, however, because at this colder temperature ït Is 
now /2ss dense than the water below ¡t. Thus, cooler, less-dense water stays on 
the surface, where it can cool further, eventually reach 0°C, and turn to Ice. 
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FIGURE 8.12 


As water cools to 4°, ít sinks. 
'Then, as water at the surface is 
cooled to below 4°C, ¡t Hoats on 
top and can freczc. Only after 
surface ice forms can tempera- 
tures lower than 4°C extend 
down inro the pond. This does 
not happen very readily, however, 
because surface ¡ce insulates the 
liquid water from the cold air. 


WWhile this ice forms at the surface, the organisms that require a liquid environ- 
ment are happily swimming below the ice in liquid water at a “warm” 4”, as 
Figure 8.12 ¡llustrates. 

An important effect of the vertical movement of water is the creation of verti- 
cal currents that, to the beneft oforganisms living in the water, transport oxyøen- 
rích surface water to the bottom and nutrient-rich bottom water to the surfacc. 
Marine biologists refer to this vertical cycling of water and nutrlents as #20elJ7zø. 

Very deep bodies of fresh water are not ice-covered even In the coldest of win- 
ters. This 1s because, as noted above, all the water must be cooled to 4°C before 
the temperature of the surface water can drop below 4°C. For deep water, the 
winter is not long enouph for this to occur. IfonÌy some of the water in a pond 
is 4°C, this water lies on the bottom. Because of waterS ability to resist changes 
in temperature (Section 8.5) and its poor ability to conduct heat, the bottom of 
deep bodies of water in cold regions is a constant 4°C year-round. 


What was the precise ternperature at the bottom of Lake Michigan on New 
Year's Eve in 19o1? 


Was thỉs your answer? lf a body of water has 4°C water in ït,then the temper- 
ature at the bottom of that body of water ïs 4”C,for the same reason that rocks 
are at the bottom. Both 4”C water and rocks are denser than water at any other 
†emperature. lfthe body of water is deep and in a region of short summers, as 
is the case for Lake Michigan, the water at the bottom is 4°C year-round. 


*® 8.3 The Behavior of Liquid Water Is the Result 
of the Stickiness of Water Molecules 


n this section, we explore how water molecules in the liquid phase Interact 
with one another via cohesive Íorces, which are forces of attraction 
between molecules of a single substance. For water, the cohesive Íorces are 
hydrogen bonds. Ñe also explore how water molecules interact with other polar 
materials, such as glass, through adhesive forces, Íorces of attraction betwccn 
molecules of two đzƒ/renz substances. 

Cohesive and adhesive forces involving water are dynamic. Ít is not one sct 
of water molecules, for example, that holds a droplet of water to the side ofa 
glass. Rather, the billions and billions of molecules in the droplet all take turns 
binding with the glass surface. Keep this in mind as you read this section and 
examine its i|[ustrations, which, though informative, are merely freeze-frame 
depictions. 
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ị A paper cÏip rests on water, push- 
_ 1ng the surface down sliphtly but 


_ norsinking. 


8.14 


-_ A molecule at the surface is 

- pulled only sideways and down- 
ward by neighboring molecules. 
A molecule beneath the surface ¡s 
pulled equally in all directions. 
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| 
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Surface of water bends 
†o accommodate weight 
of paper clip 


THE SURFACE OF LIQUID WATER BEHAVES LIKE AN ELASTIC FILM 


Gently lay a dry paper clip on the surface of some still water. If youre careful 
enough, the clip wilÏ rest on the surface, as shown in Eigure 8.13. How can this 
be? Dorrtt paper clips normally sink in water? 

Eirst, you should be aware that the paper clip ¡s not foating 7 the water the 
way a boat floats. Rather, the clÏip ¡s resting øz the water surface. The close-up 
view in Figure 8.13 reveals that the clip ¡s indeed resting on the surface. The 
slight depression in the surface is caused by the weight of the clip, which pushes 
down on the water much like the way the weight ofa child pushes down on a 
trampoline. This elastic tendency found at the surface ofa liquid is known as 
surface tension. 

Surface tension ¡s caused by hydrogen bonds. As shown ¡n Figure 8.14, 
beneath the surface, each water molecule is attracted in every direction by 
neighboring molecules, with the result that there ¡is no tendency to be pulled 
in any preferred direction. A water molecule on the surface, however, ¡s 
pulled only by neighbors to cach side and those below; there ¡s no pull 
upward. The combined effect of these molecular attractions is thus to pull the 
molecule from the surface into the liquid. This tendency to pull surface mol- 


8.3 


ecules into the liquid causes the surface to become as small as possible, and 
the surface behaves as ¡f it were tightened into an elastic ñlÌm. Lightweight 
objects that don pierce the surface, such as a paper clip, are thus able to rest 
on the surface. 

Surface tension accounts for the spherical shape of liquid drops. Raindrops, 
drops ofoil, and falling drops of molten metal are all spherical because their sur- 
faces tend to contract and this contraction forces each drop into the shape having 
the least surface area. This is a sphere, the geometric figure that has the least surface 
area for a given volume. In the weightless environment ofan orbiting space shut- 
tle, a blob ofwater takes on a spherical shape naturally, as ¡s shown in Eigure 8. 15. 
Back on Earth, the mist and dewdrops on spider webs or on the downy leaves of 
plants are also spherical, except for the distortlons caused by the force of gravity. 

Surface tension is greater in water than ¡n other common liquids because the 
hydrogen bonds in water are relatively strong. The surface tension in water is 
dramatically reduced, however, by the additon of soap or detergent. Figure 8.16 
shows that soap or detergent molecules tend to ageregate at the surface of water, 
with their nonpolar tails sticking out away from the water. At the surface, these 
molecules interfere with the hydrogen bonds between neiphboring water mole- 
cules, thereby reducing the surface tension. Get a metal paper clip Ñoating on 
the surface of some water and then carefully touch the water a few centimeters 
away with the corner ofa bar of wet soap or a dab of liquid detergent. You will 
be amazed at how quickly the surface tension ¡s destroycd. 


Air 
Nonpolar tail 


Soap or detergent 
molecule 


Polar head 
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FIGURE 8.15 


(a) The surface tension in a freely 
floating blob of water causes the 
water to take on a spherical 
shape. (b) Small blobs of water 
resting on a surface would also be 
spheres If it werent for the force 
of gravity, which squashes them 
into beads. 


fì 


s Hot water has less surface ten- 
sion than cold water because the 
faster-moving molecules don”t 
stick together so readily.With ïts 
lower surface tension, hot water 
is more effective at penetrating 
the fabrics of our clothing, which 
is why so mmany people choose to 
wash theïr clothes with hot 
water. Hot water s Ìow surface 
tension also permits the grease 
of soups to collect ïn liquidy 
blobs on the surface of the soup. 
When the soup cools, the surface 
tension of water ïncreases and 
the grease spreads over the sur- 
face of the soup, making the soup 
taste more “greasy.” Hot soup 
tastes different from cold soup 
primarily because the surface 
tension of water ïn the soup 
changes with temperature. 

MORE TO EXPLORE: 
http://en.wikipedia.org/wiki/ 
Water 


FIGURE 8.16 


Soap or detergent molecules 
align themselves at the surface of 
liquid water so that their nonpo- 
lar tails can escape the polarity of 
the water. This arrangemenrt dis- 
rupts the waterS surface tension. 
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_FIGURE 8.17 


(a) Water beads on a surface that 

-_ 1s clean and dry. (b) On a plate 
smeared with a thin ñlm of deter- 
gent, water spreads evenÌy 
because the detergent has upset 
the waterS surface tension. 


_FIGURE 8.18 


Adhesive forces between water 
and glass cause water molecules 
to creep up the sides of the glass, 
forming a meniscus. 


(b) 5ã 


Ít is the strong surface tension of water that prevenrs it from wetting materials 
that have nonpolar surfaces, such as waxy leaves, umbrellas, and freshly polished 
automobiles. Rather than wetting (spreading out evenly), the water beads. This is 
good ¡f the idea is to keep water away. Ïfwe want to clean, however, the idea is to 
get the object as wet as possIble. This ¡sanother way in which soaps and deterecnts 
assist in cleaning, as Figure 8.17 illustrates. By destroying waterS surface tension, 
they enhanee its ability to wet. The nonpolar grime on dirty fabrics and dishes, for 
example, is penetrated by the water more rapidly, and cleaning ¡s more eflicient. 


CAPILLARY ACTION RESULTS FROM THE INTERPLAY OF ADHESIVE 
AND COHESIVE FORCES 


Because glass is a polar substance, there are adhesive forces between glass and 
water. These adhesive forces are relatively strong, and the many water molecules 
adjacent to the inner surface of a gÏass container compete to interact with the 
glass. They do so to the point ofclimbing up the inner surface of the glass above 
the water surface. Take a close look at the tube of colored water in Figure 8.18, 


Adhesive forces 
(dipole-dipole 
attractions) 
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Adhesive forces —— Cohesive forces ¬ Adhesive forces 


and you l see that the water is curved up the sides of the ølass. We call the curv- 
ing of the water surface (or the surface of any other liquid) at the interface 
between It and Its container a meniscus. 

Eigure 8.19 illustrates what happens when a small-diameter gÌass tube ¡s 
placed in water. (1) Adhesive forces initially cause a relatively steep meniscus. 
(2) As soon as the meniscus forms, the attractive cohesive forces among water 
molecules respond to the steepness by acting to minimize the surface area of the 
meniscus. The result ¡s that the water level in the tube rises. (3) Adhesive forces 
will then cause the formation ofanother steep meniscus. (4) This ¡s followed by 
the action of cohesive forces, which cause the steep meniscus to be “filled ¡n.” 
This cycle is repeated until the upward adhesive force equals the weight of the 
raised water in the tube. This rise of the liquid due to the interplay of adhesive 
and cohesive forces ¡s called capillary action. In a tube that has an internal diam- 
eter of about 0.5 millimeter, the water rises slightÌy higher than 5 centimeters. Ïn 
a tube that has a smaller diameter, there ¡s a smaller volume and less weight for a 
given height, and the water rises much higher, as Figure 8.20 illustrates. 

WWe see capillary action at work in many phenomena. If a paintbrush ¡s 
dipped into water, the water rises into the narrow spaces between the bristles by 
capillary acton. Hang your hair in the bathtub, and water seeps up to your scaÌp 
in the same way. [his is how oil moves up a lamp wick and how water moves up 
a bath towel when one end hangs In water. Dip one end ofa lump oÊ sugar in 
coffee, and the entire lump ¡s quickly wet. The capillary action occurring 
between soil particles is important in bringing water to the roots of plants. 


An astronaut sticks a narrow g]ass tube into a blob of floating water while 
ïn orbit, and the tube fills with water. Why? 


Was thïs your answer? Capillary action causes the water to be drawn into 
the tube. In the free-fall environmenrt of an orbiting spacecraft, however, 
there is no downward force to stop this capillary action. As a result,the 
water continues to creep along the inner surface of the tube until the tube 
¡s filled (and then starts spurting out the end). 


* 8.4 Water Molecules Move Freely Between the Liquid 
and Gaseous Phases 
olecules of water in the liquid phase move about in all directons at dif- 


ferent speeds. Some of these molecules may reach the liquid surface 
moving fast enough to overcome the hydrogen bonds and escape Into the 


——> Cohesive forces 


FIGURE 8.19 


WWater is drawn up a narrow glass 
tube by an interplay ofadhesive 
and cohesive forces. 


FIGURE 8.20 


Capillary tubes. The smaller the 
diameter of the tube, the higher 
the liquid rises In it. 
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gascous phase. Äs presenred in Secton 1.7, this process of 
molecules converting from the liquid phase to the gaseous 
phase is called e4øøzz/zøz (also sometimes called 22øz7- 
za/zøz). The opposite of evaporation is c22/es4/7ø—the 
changing ofa gas to a liquid. At the surface ofany body of 
water, there is a constant exchange of molecules Írom one 

-_ phase to the other, as illustrated in Eigure 8.2]. 
As evaporating molecules leave the liquid phase, they 
__ take their kinetic energy with them. Thịs has the effect of 
lowering the average kinetic energy of all the molecules 
Water vapor -_ remaining ¡n the liquid, and the liquid ¡is cooled, as Figure 


FIGURE 8.21 


The exchange of molecules at the 
interface between liquid and 
ØaS€OUS WaLCT. 


FIGURE 8.22 


Evaporatlon is a cooling process. 


—————— 8.22 shows. Evaporation also has a cooling effect on the 
surrounding air because liquid molecules that escape Into 
the gaseous phase are moving relatively slowÌy compared to other molecules in 
the air. This makes sense when you consider that these newly arrived mole- 
cules lost a fair amount of their kinetic energy in overcoming the hydrogen 
bonds of the liquid phase. Adding these slower molecules to the surrounding 
aIr effectively decreases the average kinetic energy of all the molecules making 
up the air, and the air is cooled. So no matter how you look at it, evaporation 
Isa cooling process. Figure 8.23 shows a useful application of this cooling 
effect. 

As water cools, the rate of evaporation sÏlows down because fewer molecules 
have sufficient energy to escape the hydrogen bonds ofthe liquid phase. A hipher 
rate Of evaporation can be maintained ¡f the water ¡s in contact with a relatively 
warm surface, such as your skin. Body heat then fows from you into the water. 
In this way the water maintains a higher temperature and evaporation continues 
at a relatively high rate. This is why you feel cool as you dry ofŸ after getting 
wet—you are losing body heat to the energy-requiring process of evaporation. 

When your body overheats, your sweat glands produce perspiration. The 
evaporation of perspiration cools you and helps maintain a stable body temper- 
ature. Many animals, such as the ones in Figure 8.24, do not have sweat glands 
and must cool themselves by other means. 


đ@) Liquid water molecule @) Liquid water cooled as @) Molecule enters gaseous 


having sufficient kinetic it loses this high-speed phase, having lost kinetic 
energy to overcome water molecule. energy in overcoming 
surface hydrogen bonding hydrogen bonding at 
approaches liquid surface. the liquid surface. Air is 


cooled as it collects these 
slowly moving gaseous 
particles. 
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cK 
lf water were ]ess “sticky,” would you be cooled more or less by its evaporation? 


Was this your answer? Water mmolecules leave the liquid phase only when 
they have enough kinetic energy to overcome hydrogen bonding. lt is hydro- 
gen bonding that makes water sticky, and so to say water 1s ]ess sticky 1s to 
say that hydrogen bonds are weaker than they actually are. Then, at a given 
temperature, more molecules in the liquid phase would have sufficient 
kinetic energy to overcome the weaker hydrogen bonds and escape ïnto the 
gaseous phase, carrying heat away from the liquid. The cooling power of 
evaporating water would therefore be greater. Thỉs is why less “sticky” sub- 
stances, such as rubbing alcohol, have a noticeably greater cooling effect as 
they evaporate. 


ÑWarm water evaporates, but so does cool water. The only difference is that 
cool water evaporates at a sÌlower rate. Even Írozen water “evaporates.” This form 
of evaporation, in which molecules jump directly from the solid phase to the 
øaseous phase, ¡s called sublimation. Because water molecules are so ñrmly held 
in the solid phase, frozen water does not release molecules into the gaseous 
phase as readily as liquid water does. Sublimation, however, does account for 
the loss of significant portions of snow and ¡ce, especially on sunny, dry moun- 
tain tops. Its also why ice cubes left in the freezer for a long time tend to get 
smaller. 

At the surface ofany body of water there is condensation as welÏ as evapora- 
tion, as Figure 8.21 indicates. Condensation occurs as sÌow-moving water 
vapor molecules collide with and stick to the surface ofa body of liquid water. 


FIGURE 8.23 


Nhen wet, the cloth covering on 
this canteen promotes cooling. 
As the faster-moving water mole- 
cules evaporate from the wet 
cloth, its temperature decreases 
and cools the metal, which in 
turn cools the water ¡n the 
canteen. 


FIGURE 8.24 


(a) Dogs have no sweat glands 
(except between their toes). They 
cool themselves by panting. In 
this Wway, e€Yaporatlon OCCurs In 
the mouth and the bronchial 
tract. (b) Pigs have no sweat 
glands and therefore cannor cool 
by the evaporation of perspira- 
tion. Instead, they wallow in the 
mud to cool themselves. 


270 CHAPTER8_ THOSE INCREDIBLE WATER MOLECULES 


FIGURE 8.25 


- Condensation is a warming 
PTOC€SS. 


FIGURE 8.26 


Heat is given up by water vapor 
when the vapor condenses inside 
the radiator. 


Gas warmed by 
è removal of slower 
molecule 


~ Slow-moving water 
Fast-moving water —T—ˆ vapor molecule sticks 


7 © ® © è xi về xi to liquid surface 
- bounces off surface "` @ tở * @ ^- 
$ sŠ _. o suất. Ì 


by formation of - 


. u @huoroben SEHEE 
V.e 


Fast-moving water vapor molecules tend to bounce of each other or of the 
liquid surface, losing little of their kinetic energy. Only the sÏowest gas mole- 
cules condense into the liquid phase, as Figure 8.25 ¡llustrates. As this hap- 
pens, energy ¡s released as hydrogen bonds are formed. This energy is absorbed 
by the liquid and increases its tetmperature. Condensation involves the removal 
o£ slower-moving water vapor molecules from the gaseous phase. The average 
kinetic energy of the remaining water vapor molecules is therefore increased, 
which means that the water vapor is warmer. So no matter how you look at it, 
condensation ¡is a warming process. 

A dramatic example of the warming that results from condensation ¡is the 
energy given up by water vapor when it condenses—a painful experience IÝ ït 
condenses on you. Thats why a burn from 100°C water vapor is mụch more 
damaging than a burn from 100°C liquid water; the water vapor gIves up con- 
siderable energy when it condenses to a liquid and wets the skin. This energy 
released by condensation is utilized in heating systems, such as the household 
radiator shown in Figure 8.26. 

The water vapor in our atmosphere also gives up energy as it condenses. This is 
the energy source for many weather systems, such as hurricanes, which derive much 
of their energy from the condensation of water vapor contained in humid tropical 
air, as Figure 8.27 ¡llustrates. The formation of l inch ofrain over an area of Ï square 
mile yields the energy equivalent ofabout 32,000 tons ofexploded dynamite. 

After you take a shower, even a cold one, you are warmed by the heat energy 
released as the water vapor ¡n the shower stall condenses. You quickly sense the 
difference If you step out of the stall, as the chiÏÌy guy in Figure 8.28 ¡s ñnding 
out. Away from the moisture, the rate of evaporation ¡s much higher than the 
rate of condensation, and as a result you feel chilly. When you remain ¡n the 
shower stall, where the humidity is higher, the rate of condensation ¡s increased 
so that you feel that much warmer. So now you know why you can dry yourself 
with a towel much more comfortably ¡you remain in the shower stall. IÝyouTe 
in a hurry and don mind the chill, dry yourself offin the hallway. 

Spend a July afternoon ¡in dry Tucson or Las Vegas, and yoưÏÌÏ soon notice 
that the evaporation rate is appreciably greater than the condensation rate. The 
result of this pronounced evaporation is a much cooler feeling than you would 
experience on a same-temperature July afternoon in New York City or New 
Orleans. In these humid locations, condensation outpaces evaporation, and you 
feel the warming effect as water vapor In the air condenses on your skin. 
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FIGURE 8.27 


As ít condenses, the water vapor in humid tropical air releases ample quantities of 
heat. Continued condensation can sometimes lead to powerful storm systems, such 
as hurricanes. 


lf the water level in a dish of water remains unchanged from one day to the 
next, can you conclude that no evaporation or condensation is taking place? 


Was thỉs your answer? Not at all,for there is much activity taking place at 
the molecular level. Both evaporation and condensation occur continuously 
and simultaneously. The fact that the water level remains constant indicates 
equal rates of evaporation and condensation—the number of H,O mole- 
cules leaving the liquid surface by evaporation is equal to the number enter- 
ïng the liquid by condensation. 


BOILING IS EVAPORATION BENEATH A LIQOUID SURFACE 


WWhen liquid water is heated to a sufficiently hiph temperature, bubbles of water 
vapor form beneath the surface, as we saw ¡n Section 1.7. These bubbles are 
buoyed to the surface, where they escape, and we say the liquid is 2ø//ø. As 
shown in Figure 8.29, bubbles can form only when the pressure of the vapor 
inside them ¡s equal to or greater than the combined pressure exerted by the sur- 
rounding water and the atmosphere above. At the boiling point of the liquid, 
the pressure inside the bubbles equals or exceeds the combined pressure of the 
surrounding water and the atmosphere. At lower temperatures, the pressure 
Iinside the bubbles is not enough, and the surrounding pressure collapses any 
bubbles that form. 

At what point boiling begins depends not only on temperature but aÌso on 
pressure. As atmospheric pressure increases, the vapor molecules inside any bub- 
bles that form must move faster in order to exert enough pressure from inside 


FIGURE 8.28 


lfyouTe chilly outside the shower 
stall, step back inside and be 
warmed by the condensation of 
the excess water vapor therce. 
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Atmospheric pressure 
ÖÒồ 


® á 
Water pressure „@ 


R : 
e P 
Vapor pressure 


x" 


@) As liquid water is heated, (2 Before the boiling point is reached, 


molecules gain enough the pressure of the water vapor inside 
energy to evaporate the bubbles is less than the sum of 
beneath the surface,forming atmospheric pressure plus water 


bubbles of water vapor. pressure. As a result,the bubbles 
of water vapor collapse. 


@®) At the boiling point,the pressure (4 We see this evaporation 
of the water vapor inside the bubbles as boiling. 
equals or exceeds the sum of atmo- 
spheric pressure plus water pressure. 
As a result,the bubbles of water vapor 
are buoyed to the surface and escape. 


SEi6URE s.zø 


Boiling occurs when water molecules in the liquid are moving fast enough to gener- 
ate bubbles of water vapor beneath the surface of the liquid. 
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the bubble to counteract the additional atmospheric pressure. So increasing the 
pressure exerted on the surface of a liquid raises its boiling point. A cooking 
application of this effect of increased pressure is shown in Figure 8.30. 
Conversely, lowered atmospheric pressure (as at high altitudes) decreases the 
boiling point of the liquid, as Eigure 8.31 illustrates. In Denver, Colorado, the 
Mile-High City, for example, water boils at 95°C instead of the 100°C boiling 
temperature at sea level. ÏÝyou try to cook food ¡n boiling water that is cooler than 
100°C, you must wait a longer time for proper cookine. A three-minute boiled egø 
in Denver ¡s runny and undercooked. If the temperature of the boiÌing waterwere —————=—————————————~ 
very low, food would not cook at all. As the German mountaineer Heinrich Harrer 


noted in his book $eøez W2zz 7 77, at an altitude of 4500 meters (15,000 feet) —_ NHÀ 
or higher, you can sip a cụp of boiling tea without any danger of burning your. The tight lid oFa pressure cooker 
mouth. holds pressurized vapor above the 


Boiling, like evaporation, is a cooling process. At ñrst thoupht, this may seem water surface, and this inhibits 
surprisinge——perhaps because we usually associate boiling with heating. But heat- boiling. In St km: the boiling 
ing water is one thing; boiling ít is another. As shown in Figure 8.32, boiling SIUDEEERIM SỀn TÀP TÔ 


water is cooled by boiling as fast as it is heated by the energy from the heat tì xà bắt linheg 3h tÊt 


source. So, boiling water remains at a constant temperature. If cooling did not quickly than food placed in water 
take place, continued applicatlon of heat to a pot of boiling water would raise boiling at 100°C. 

the temperature of the water. The reason the pressure cooker in Figure 8.30 

reaches hipher temperatures is because boiling ¡s forestalled by increased pres- 

sure, which ¡n effect prevents cooling. 


Is boïling a form of evaporation or is evaporation a form of boïling? 


Was thỉs your answer? Boiling is evaporation that takes place beneath the 


surface of a liquid. 
| †—Energy leaving 
| | water (cooling) 


Energy entering 
water (heating) 


_FIGURE 8.31 


Heating warms the water from below, 
The boiling point of water (as welÍ as and boiling cools it from above. The 
other liquids) decreases with Increasing net resuÏt is a constant temperature for 
altitude. the water. 
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FIGURE 8.33 


In 4a vacuum, warer can freeze 
and boil at the same time. 


A simple experiment that dramatically shows the cooling effect of evapora- 
tion and boiling consists of a shallow dish of room-temperature water in a 
vacuum jar. When the pressure ¡n the jar ¡s slowly reduced by a vacuum 
pump, the water starts to boil. The boiling process takes heat away from the 
water, which consequently cools. As the pressure ¡is further reduced, more and 
more of the slower-moving liquid molecules boil away. Continued boiling 
results in a lowering o£ the temperature until the freezing point of approxi- 
mately 0°C ¡s reached. Continued cooling by boiling causes Ice to form over 
the surface of the bubbling water. Boiling and freezing take place at the same 
time! The frozen bubbles of boiling water in Figure 8.33 are a remarkable 
sight. 

Spray some drops of coffee into a vacuum chamber, and they, too, boil 
until they freeze. Even after they are frozen, the water molecules continue to 
evaporate Into the vacuum until all that ¡s left to be seen are little crystals of 
coffee solids. This is how freeze-dried coffee is made. The low temperature of 
this process tends to keep the chemical structure of the coffee solids from 
changing. When hot water ¡is added, much of the original favor of the coffee 
1s retained. 

The refrigerator also employs the cooling effect of boiling. A liquid 
coolant that has a low boiling point ¡s pumped ¡into the coils inside the 
refrigerator, where the liquid boils (evaporates) and draws heat from the food 
stored ¡in the refrigerator. Then the coolant in its gas phase, along with its 
added energy, ¡s directed outside the refrigerator to coils located ¡n the back, 
appropriately called condensation coils, where heat is given of to the air as 
the coolant condenses back to a liquid. A motor pumps the coolant throueh 
the system as it undergoes the cyclic process of vaporization and condensa- 
tion. The next time youTe near a refrigerator, place your hand near the con- 
densation coils in the back and yoưÌl feel the heat that has been extracted 
from inside. 

An air conditioner employs the same principle, pumping heat energy from 
inside a building to outside. Turn the air conditioner around so that cold aïr is 
pumpcd to the outside, and the air conditioner becomes a type of heater known 
as a heat pump. 


*® 8.s ItTakes a Lot of Energy to Change 
the Temperature of Liquid Water 


Hà you ever noticed that some foods stay hot much longer than others? 
The filling of a hot apple pie can burn your tongue while the crust wilÏ 
not, even when the pie has just been taken out of the oven. Â piece of toast may 
be comfortably eaten a few seconds after coming from a hot toaster, whereas you 
must wait several minutes before cating hot soup. 

Different substances have different capacities for storing energy. This is 
because different materials absorb energy in different ways. The added energy 
may increase the Jigeling motion of molecules, which raises the temperaturce, or 
It may pulÌ apart the attractions anong molecules and therefore go Into potential 
energy, which does not raise the temperature. Generally, there is a combination 
ofboth ways. 

It takes 4.184 Joules of energy to raise the temperature of 1 gram of liquid 
water by 1°C. As you can see in Figure 8.34, ¡t takes only about one-ninth as 
much energy to raise the temperature of Ï gram ofiron by the same amounr. Ín 
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Temperature (*C) 


Heat added to 1 gram of material (J) 


other words, water absorbs more heat than iron for the same change in temper- 
ature. Ñe say water has a hipher specific heat, defined as the quantity of heat 
required to change the temperature of I gram of the substance by 1°. 

WWe can think of specifc heat as thermal inertia. As you learned in Section 
1.4, 7zer is a term used in physics to sipnify the resistance of an object to a 
change in its state of motion. Specific heat is like a thermal inertia because it sig- 
nifies the resistance ofa substance to a change in temperature. Each substance 
has its own characteristic specifc heat, which may be used to assist in identifica- 
tion. Some typical values are given in Table 8. l. 

Guess why water has such a hiph speciic heat. Once again, the answr is 
hydrogen bonds. When heat ¡s applied to water, much of the heat is consumed 
¡in breaking hydrogen bonds. Broken hydrogen bonds are a form of potential 
energy (just as two magnets pulled apart are a form of potential energy). Much 
of the heat added to water, therefore, is stored as this potential energy. Conse- 
quently, less heat is available to increase the kinetic energy o£ the water mole- 
cules. Since temperature is a measure of kinetic energy, we fnd that as water is 
heated, its temperature rises slowly. By the same token, when water is cooled, its 
temperature drops slowly—as the kinetic energy decreases, molecules slow 
down and more hydrogen bonds are able to re-form. This in turn releases heat 
that heÌps to maintain the temperature. 


TABLE 8.1 SPECIFIC HEAT FOR SOME COMMON MATERIALS 


Specific Heat 

Material (7g - °C) 
Ammonia,NH. 4.7O 
Liquid water, H,O 4.184 
Ethylene glycol, C,H¿O; (antifreeze) 2.42 

lce, H,O 2.O1 
Water vapor, H,O 2.0 
Aluminum,Al S.9O 
lron,Fe O.451 
Silver, Ag 0.24 


Gold,Au 0.13 


FIGURE 8.34 


Ir takes only 0.451 Joule of heat 
to raise the temperature of l 
gram of iron by 1°. A l-gram 
sample of water, by contrast, 
requires a whopping 4.184 joules 


for the same temperature change. 
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the final temperature T;: 
ternperature change = T; — T; 


EXAMPLE 1 


ANSWER 1 


CORNER=>x 
° : ø 
HOW HEAT CHANGES TEMPERATURE 
# Heat must be applied to increase the temperature of a The temperature decrease that occurs when heat ïs 
material. Conversely, heat must be withdrawn from a removed from a material is indicated by a negative sign, as 


material ïn order to decrease ïts temperature. We can 1s shown in the next example. 
calculate the amourt of heat required for a given tern- 
perature change from the equation 


heat = specific heat x rnass x ternperature change 


We can use this formula for any rnaterial provided there heat does the refrigerator remove from the water as the 
ïs no change of phase over the course of the termpera- water is brought to a final temperature of 1o.o”C? 

ture change. The value of the ternperature change is 
obtained by subtracting the initial tenperature T; from 


How much heat is required to increase the temperature of 
1.OO gram of liquid water from an initial ternperature of 
3o.O°C to a final temperature of 4o.o°C? 1. Aresidential water heater raises the temperature of 


The temperature change is T; - T; = 4o.O°C — 3o.o”C = 
+1o.O”C. To find the amount of heat needed for this tem- 
perature change, multiply this positive temperature 
change by the water's specific heat and mass: 


heat = (4.184 J/g - °C)(.oo g)(++o.o°C) = 41.8 J Answers to Calculation Corners appear at the end oƒ each chapter. 


EXAMPLE 2 


A glass containing 1o.o grams of water at an initial tem- 
perature of 2s.o°C ïs placed in a refrigerator.How rnuch 


ANSWER 2 
The temperature change is T;— T; = 10.O”C — 25.O”C = —15.O”C. 
To find the heat removed, multiply this negative tempera- 
ture change by the water's specific heat and mass: 

heat = (4.184 J/g - °C)(io.o g)(—1s.o°C) =—628 J 


YOUR TURN 


10O,OOO grams of liquid water (about 26 gallons) from 
25.o°C to ss.o°C. How much heat was applied? 


2.. How much heat must be extracted from a1o.O-gram ice 
cube (specific heat = 2.O1J/q - *C) ïn order to bring ïts tem- 
perature from a chỉiÏly —+o.o°C to an even chỉillier—3o.o”C? 


Hydrogen bonds are not broken as heat is applied to ice (providing the ice 
doesrit melt) or water vapor. Would you therefore expect ice and water 
vapor to have specific heats that are greater or less than that of liquid water? 


Was thỉs your answer? As Table 8.1shows, the specific heats of ice and water 
vapor are about half that of liquid water. Only liquid water has a remarkable 
specific heat. This is because the liquid phase is the only phase in which 
hydrogen bonds are continually breaking and re-formind. 


GLOBAL CLIMATES ARE INFLUENCED BY WATERˆS HIGH SPECIFIC HEAT 


The tendency of liquid water to resist changes in temperature improves the cÏi- 
mate in many places. For example, notice the hiph latitude of Europe in Figure 
8.35. If water did not have a high specific heat, the countries of Europe would 
be as cold as the northeastern regions of Canada, because both Europe and 
Canada get about the same amount of sunlipht per square kilometer of surface 
area. An ocean current carries warm water northeast from the Caribbean. The 
water holds much ofits thermal energy long enouph to reach the North Atlantic 
off the coast of Europe, where the water then cools. The energy released, 4.184 
Joules per Celsius degree for each gram of water that cools, is carried by the 
westcrly winds (winds that blow west to east) over the European continent. 
The winds ín the latitudes o£ North America are westerly. On the western 
coast of the continent, therefore, air moves from the Pacifc Ocean to the land. 
Because of waters high speciic heat, ocean temperatures do not vary much 


8.5 


from summer to winter. Ïn winter, the water warms the air, which ¡s then blown 
eastward over the coastal regions. Ín summer, the water cools the air and the 
coastal regions are cooled. ©n the eastern coast of the continent, the tempera- 
ture-moderating effects of the Atlantic ©cean are significant, but because the 
winds blow from the west—over land——temperature ranges in the east are much 
greater than ¡n the west. San Francisco, for example, is warmer in winter and 
cooler in summer than Ñashington, D.C., which ¡s at about the same latitude. 

Islands and peninsulas, because they are more or Ìess surrounded by water, do 
not have the extremes of temperatures observed in the interior of a continent. 
The hich summer temperatures and Ìow winter temperatures common in Man- 
Itoba and the Dakotas, for example, are largely due to the absence of large bod- 
ies Of water. Europeans, islanders, and people living near ocean air currents 


should be glad that water has such a high specifc heat. 


= cK 
Which has a higher specific heat, water or sand? 
v/ “2 
sS°S 
¿ÌEÉN 


Was thỉs your answer? As suggested by the ïllustration,the temperature of 
water increases less than the temperature of sand in the same sunlight. 
Water therefore has the higher specific heat. Those who visĩt the beach 
frequently know that beach sand quickly turns hot on a sunny day while the 
water remains relatively cool. At night, however, the sand feels quite cool 
while the water's termperature feels about the same as ït was during the day. 
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- Many ocean currents, shown In 
- blue, distribute heat from the 


warmer cquatorial regions to the 
colder polar regions. 


_® The outer side of a carousel plat- 


form always provides the fastest 
ride because ït allows you to 
travel a farther distance for each 
rotation. Similarly, because the 
Earth spins, those living closer to 
the equator travel farther, hence 
faster, ïn a single day. When 
objects not fixed to the ground— 
aïr, water, airplanes, and ballistic 
missiles—=move towards the 
equator they are unable to keep 
up with the ever-faster-moving 
ground beneath them. Because 
Earth rotates to the east,these 
free-moving objects lag behind, 
which gives them an apparent 
motion to the west. Conversely, a 
free-moving object heading away 
from the equator deviates to the 
east because ït is maintaining 
the greater eastward đirected 
speed it had by being closer to 
the equator. This is called the 
Coriolis efƒfect.Ocean currents 
heading towards the equator, for 
example, tend to deviate to the 
west†, whereas currents heading 
away from the equator tend to 
deviate to the east. This explains 
why ocean currents in the north- 
ern hemisphere tend to circulate 
clockwise, while those ïn the 
southern hemisphere tend to cir- 
culate counterclockwise, as is eVvi- 
dent in Figure 8.35. Why do you 
suppose airplane pilots need 
to be well acquainted with the 
Coriolis effect? 

MORE TO EXPLOKRE: 
http://en.wikipedia.org/Wwiki/ 
Ocean_ current 
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CHAPTER 8 


ctPr¿ 
* 


his activity is a qualitative meas- 
ure of the specific heat of two 
common kitchen ingredients: rice 


and salt. 


WHAT YOU NEED 


1 


Uncooked rice, table salt,1-cup rneas- 
uring cup, aÌuminum foiïl, baking 
sheet, two identical ceramic coffee 
mugs, thermometer (optional) 


PROCEDURE 


Tear off two pieces of foi],each 
about half the size of the baking 
sheet. Place them side-by-side on 
the baking sheet. 
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sure out 1 cup of salt and pour 
onto the other foïl sheet. 


.. Heat the rice and salt for 1o mỉn- 


uftes ïn an oven preheated to 
2so°C, then pour the rice into one 
of the mugs and the salt into the 
other. 


. Use a thermometer to note which 


comes out of the oven at the 
higher termnperature and which 
cools down faster. lf you don't 
have a thermometer, leave the 
heated rice and salt on the alu- 
minum foï] and judge their cool- 
ïng rates by cautious touch. 


Which has the higher specific 


heat? Why does the heated rice 
adhere to the sides of the mug? 


Measure out 1 cụp of rice and pour 
onto one of the foïl sheets. Mea- 


Energy absorbed 


Energy released 


- FIGURE 8.36 


Energy changes with change of 
phase. 


* 8.6 A Phase Change Requires the Input or Output 
of Energy 


ny phase change Involves the breaking or forming of molecular attrac- 

tions. The changing ofa substance from a solid to a liquid to a gas, for 
example, involves the breaking of molecular attractions. Phase changes ¡n this 
direction therefore require the input of energy. Conversely, the changing ofa 
substance from a gas to a liquid to a solid involves the forming of molecular 
attractions. Phase changes ¡n this direction therefore result in the release of 
energy. Both these directions are summarized ¡n Figure 8.36. 

Consider a I-gram piece ofice at—50°C put on a stove to heat. Á thermome- 
ter in the container reveals a slow Increase in temperature up to 0°C, as shown in 
Eigure 8.37. At 0°C, the temperature stops rising, even though heat is still being 
added, for now all the added heat goes into melting the 0° ice, as indicated in 
Figure 8.38. This process of melting I gram of ice requires 335 joules. COnl]y 
when all the ice has melted does the temperature begin to rise again. Then for 
every 4.184 joules absorbed, the water increases its temperature by 1 C° until 
the boiling temperature, 100°C, ¡s reached. At 100°C, the temperature again 
stops risine even though heat is suill being added, for now all the added heat ¡s 
going Into evaporating the liquid water to water vapor. The water must absorb a 
sunning 2259 joules of heat to evaporate all the liquid water. Finally, when all 
the liquid water has become vapor at 100°C, the temperature begins to rise once 
again and continues to rise as long as heat ¡s added. 

When the phase changes are in the opposite direction, the amounts of heat 
energy shown ¡n Eigure 8.37 are the amounts z£/¿2se#—2259 joules per gram 
when water vapor condenses to liquid water and 335 joules per gram when liq- 
uid water turns to Ice. The processes are reversible. 
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From Figure 8.37, deduce how much energy (ïn joules) is transferred when 


1gram of 
a. water vapor at 1oo”C condenses to liquid water at 1oo”C. 
b. ]liquid water at 1oo°C cools to liquid water at o°C. 
c. liquid water at o°C freezes to ice at o”C. 
d. water vapor at 1oo”C turns to ice at o°C. 


Were these your answers? 
a. 2259 joules 
b. 418joules 
C. 335joules 
d. 3612 joules (2259 joules + 418 joules + 335 Joules) 


The amount oÊ heat energy required to change a solid to a liquid ¡s called 
the heat of melting, and the amount of heat energy released when a liquid 
freezes ¡s called the heat of freezing. Water has a heat of melting of+335 joules 
per gram. The positive sign indicates that this is the amount of heat energy that 
must be 24⁄/Z /ø ice to melt it. Waters heat of Íreezing 1s =335 joules per gram. 
The negative sign indicates that this 1s the amount of heat energy that 1s 
releasezl trom liquid water as it Íreezes—the same amount that was required to 
melt ít. 

The amount of heat energy required to change a liquid to a gas ¡s called the 
heat of vaporization. For water, this is +2259 joules per pram. The amount of 
heat energy released when a gas condenses ¡s called the heat of condensation. 
For water, this is —=2259 joules per gram. These values are high relative to the 
heats of vaporization and condensation for most other substances. This is due 
to the relatively strong hydrogen bonds between water molecules that must be 
broken or formed during these processcs. 


Can you add heat to ice without melting it? 


Was thỉs your answer? A common misconception is that ice cannot have a 
termperature lower than o°C. In fact, ice can have any termperature below 
cC, down to absolute zero,—273”C. Adding heat to ice below ö°C raises ïts 
temperature, say from —=2oo”C to —ioo”C. As long as ïts ternperature stays 
below O°C, the ice does not melt. 


Although water vapor at 100°C and liquid water at 100°C have the same 
temperature, cach gram of the vapor contains an additional 2259 joules of 


FIGURE 8.37 


-_A graph showing the heat energy 


involved in converting l gram of 
Ice Iinitially at —50°C to water 
vapor. The horizontal portions of 
the praph represent regions of 
COnstant temperature. 


FIGURE 8.38 


Add heat to melring ice and there 
1s no change ¡n temperature. he 
heat is consumed in breaking 


hydrogen bonds. 
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Water cxtinguishes a fame by wetting but also by 


potential energy because the molecules are relativcly far apart from one another. 
As the molecules bind together in the liquid phase, this 2259 joules per gram ¡s 
released to the surroundings in the form of heat. In other words, the potential 
energy of the far-apart water vapor molecules transforms to heat as the molecules 
get closer together. This ¡s like the potential energy of two attracting magnets 
separated from each other; when released, their potential energy is converted 
first to kinetic energy and then to heat as the magnets strike each othcr. 

WWaters híph heat of vapor1zation allows you to 2z72ƒy touch your ?2e/eZ'fñin- 
ger to a hot skillet or hot stove without harm. You can even touch it a few times 
in succession 2s /2ø 2s JØw? ƒ12@er 7e47is tết. Thịs 1s because energy that ordi- 
narily would øo Into burning your ñnger øoes instead into changing the phase of 
the moisture on your finger from liquid to vapor. You can judge the hotness ofFa 
clothes iron in the same way——with a ?/ ÍInger. 

The firefighters in Figure 8.39 know that certain types of Hames are best 
extinguished with a ñne mist of water rather than a steady stream. The fñine mist 
readily turns to water vapor and ¡n doing so quickly absorbs heat energy and 
cools the burning material. 

Waters hiph heat of vaporization makes walking barefooted on red-hot coals 
more comfortable, as shown in Figure 8.40. When your feet are wet, either from 
p€rspiration or because you are stepping of of wet grass, much ofthe heat from 
the coals ¡is absorbed by the water and not by your skin. (Eirewalking also relies 
on the fact that wood is a poor conductor of heat, even when it ¡s in the form of 
red-hot coals.) 


_FIGURE 8.40 


absorbing much of the heat that the re needs to sus- Tracy Suchocki walks with wetted bare feet 


tain itself. 


across red-hot wood coals without harm. 
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- What remarkable properties of 
. water can you Íind in this photo- 
graph? 


® In Perspective 


any of the properties of water we have explored ¡n this chapter at the 

molecular level are nicely summarized ¡in the scene shown in Figure 
8.41. First, notice that the massive bear ¡s supported by the floating ¡ce. The ice 
floats because hydrogen bonds hold the HO molecules in the ice together in 
an open crystalline structure that makes the ice less dense than the liquid water. 
Because so much energy ¡s required both to melt ice and to evaporate liquid 
water, most of the Arctic ice, which builds up primarily from snowfall, remains 
in the solid phase throughout the year. Where the seawater is in contact with 
the ice, the temperature is lower than 0°C because salts dissolved ¡n the seawater 
inhibit the formation oÊice crystals and thereby lower the freezing point of the 
seawater. The high specifc heat capacity of the Arctic ocean beneath the bear 
moderates the Arctic climate. Ít gets cold in the Arctic in winter, yes, but not as 
cold as it gets in Antarctica, where the specifc heat of the mile-thick ice 1s only 
half as great as that of the liquid water that predominates in the Arctic. Cov- 
ered by ice with its much lower specifc heat capacity, Antarctica experiences 
much greater extremes in temperature than the Arctic. 

The main focus of this chapter was the physical behavior of water molecules. 
In the previous chapter, the Íocus was on the physical behavior of molecules and 
lons in general. For the next several chapters, we shiÍt our attention to the chem- 
ical behavior of molecules and ions, which change their fundamenral identities 
as they chemically react with one another. 
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| KEY TERMS 


Cohesive force An attractive force between molecules 
of the same substance. 


Adhesive force An attractive force between molecules 
oftwo different substances. 


Surface tension The elastic tendency found at the 
surface ofa liquid. 


Meniscus The curving ofthe surface ofa liquid at the 
Interface between the liquid surface and its container. 


Capillary action The rising of liquid into a small 
vertical space due to the interplay of cohesive and 
adhesive forces. 


Sublimation “The process ofa material transforming 
from a solid directly to a gas, without passing throuegh 
the liquid phase. 


| CHAPTER HIGHLIGHTS 
| 


WATER MOLECULES FORM AN OPEN 
CRYSTALLINE STRUCTURE IN ICE 


1. What accounts for the fact that ¡ce ¡s less dense than 
water? 


2. What is inside one of the open spaces ofan ice crystal? 


3. What happens to ice when great pressure ¡s applied 
tO It? 


FREEZING AND MELTING GO ON 
AT THE SAME TIME 


4. How Is It possible for a substance to melt and freeze 
at the same time? 


5. Nhat ¡s released when a hydrogen bond forms 
between two water molecules? 


6. Why does extracting heat from a mixture of ice 
and liquid water at 0°C increase the rate of ice 
formation? 


7. Why does adding heat to a mixture ofice and liquid 
water at 0°C increase the rate of water formation? 


8. When the temperature o£0°C liquid water ïs 
increased slightly, does the water undergo a net expan- 
SIOn Or a net contraction? 


Specifc heat The quantity of heat required to change 
the temperature of I gram ofa substance by 1 Celsius 
degree. 


Heat of melting The heat energy absorbed by a 
substance as it transforms from solid to liquid. 


Heat offreezing The heat energy released by a 


substance as it transforms from liquid to solid. 


Heat ofvaporization “The heat energy absorbed by a 
substance as ít transforms from liquid to gas. 


Heat of condensation “The energy released by a 
substance as It transforms from gas to liquid. 


9. What happens to the amount of molecular motion 
in water, no matter what irs phase, when its tempera- 
ture ¡s increased? 


10. At what temperature do the competing effects of 
contraction and expansion produce the smallest volume 
for liquid water? 


THE BEHAVIOR OF LIOUID WATER 
IS THE RESULT OF THE STICKINESS 
OF WATER MOLECULES 


11. What ¡s the difference between cohesive forces and 
adhesive forces? 


12. In what direction ¡s a water molecule on the surface 
not pulled? 


13. Does liquid water rise higher in a narrow tube or a 
wide tube? 


14. What determines the heighrt that liquid water rises 
by capillary action? 

WATER MOLECULES MOVE FREELY BETWEEN 
THE LIOUID AND GASEOUS PHASES 


15. Do all the molecules in a liquid have about the 


same specd? 


16. What phases are involved in sublimation? 


17. Why ¡sa burn from water vapor at 100°C more 
damaging than a burn from liquid water at the same 
temperature? 


18. Why do we feel uncomfortably warm on a hot, 
humid day? 


19. Is ít the pressure on the food or the hipher tempera- 
ture that cooks food faster in a pressure cooker? 


20. What condition permits liquid water to boiÌ at a 
temperature below 100°C? 


IT TAKES A LOT OF ENERGY TO CHANGE 
THẺ TEMPERATURE OF LIQUID WATER 


21. Is it easy or dificult to change the temperature ofa 
substance that has a low specic heat? 


22. Does a substance that heats up quickly have a hiph 
or a low specifc heat? 


23. How does the speciRc heat of liquid water compare 
with the specifc heats of other common materials? 
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24. Northeastern Canada and much of Europe reccive 
about the same amount of sunlipht per unit of surface 
area. hy then ¡is Europe generally warmer in winter? 


25. Why is the temperature fairly constant on islands 
and peninsulas? 

A PHASE CHANGE REOUIRES THE INPUT 

OR OUTPUT OF ENERGY 


26. When liquid water freezes, is heat released to the 
surroundings or absorbed from the surroundings? 


27. Why doesnt the temperature of melÌting Ice rise as 
the Ice ¡s heated? 


28. How much heat is needed to melt l gram oŸice? 
Give your answer in joules. 


29. Wlhy is it important that your ñnger be wet when 
you touch it briefy to a hot clothes iron? 


30. Why does ít take so much more energy to boil 
10 grams ofliquid water than to melt 10 grams of ice? 
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31. ® Nhat happens to a soda can left in the freezer? 
Why? 


32. ® Why is it important to protect home water pIpes 
from freezing? 


33. # How does the combined volume of the billions 
and billions of hexagonal open spaces in the crystals in 
a plece of Ice compare with the portion of the ¡ce that 

foats above the waterline? 


34. 8L As an ¡ce cube floating in a glass of water melts, 
what happens to the water level? 


35. $ Icc foats in room-temperature water, but does It 
Hoat in boiling water? Why or why not? 


36. # Like water, hydrogen fuoride, HE and ammo- 
nia, NH;, have relatively hiph boiling points. Explain. 


37. ® Is the density of near-freezing water, which con- 
tains microscopic Ice crystals, preater or less than the 
density of liquid water containing no microscopIc Ice 
crystals? 


38. 4 How ¡s it that pure water at 4”C 1s not a pure 
liquid? 


39. @ Why does water not freeze at 0°C when either 
1ons or molecules other than HO are present? 


40. #  Hundreds of ducks are at a pond——about halfof 
them on the surrounding shore and the other halfin 
the water. The ducks are moving about, sometimes 
leaving the water and sometimes enterine the water. 
The rate at which they leave and enter the water, how- 
ever, is the same. Suddenly, half of the ducks on land 
turn into water-fearing chickens. hat happens to the 
rate of ducks entering the water? W hat eventually hap- 
pens to the number o£ ducks in the water? How is this 
analogous to ice melting in saltwater? 


41. ® Wlhy ¡s calcium chloride, CaCl;, more effective 
at melting ice than sodium chloride, NaC]? 


42. 8 What happens to the Íreezing temperature ofa 
solution of table salt In water as the solution becomes 
more concentrated? 


43. 8 hy does adding heat to an ice—water mixture 
decrease the rate of ice formation? 


44. ® Suppose liquid water is used in a thermometer 
instead of mercury. If the temperature 1s Iniually 4°C 
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and then changes, why cant the thermometer indicate 
whether the temperature is rising or falling? 


45. ® Which graph most accurately represents the 
density of]iquid water plotted against temperature? 


0 4 0 4 
Temperature (°C) Temperature (°C) 


0 4 


Temperature (°C) 
(c) (d) 


Temperature (°C) 


46. $ Ifcooling occurred at the bottom ofa pond 
instead of at the surface, would a lake freeze from the 
bottom up? Explain. 


47. ® WNWhy does ice form at the surface ofFa body of 
fresh water instead of at the bottom? 


48.  A pond that is uniformly +10°C at all depths ¡s 
exposcd to fripid —10°C aïr at the surface. W/'h¡ch cools 
down to 4°C first, the surface or the bottom of the 
pond? 


49. $ Unlike fresh water, ocean water contracts as ït 
cools to its freezing point, which ¡s about —18°C. Ñhy? 


50. 8 The polar ice cap that rests over the Arctic 
Ocean gets thicker during the winter. Does it grow 
from above or below? Explain. 


51. ® Consider a lake in which the water is uniformly 
10°C. What happens to the oxygen-rich surface water 
as It cools to 4°C? What concurrently happens to the 
nutrient-rich deeper water? 


52. Wlhy are polar oceans far more fertile in 
autumn? 


53. ® Nutrient-rich water tends to be murky. Why 


does tropical water tend to be so clear? 


54. 8. Capillary actlon causes water to climb up the 
internal walls oFa narrow glass tube. W/hy does the 
water nor climb as hich when the glass tube is wider? 


55. ® Mercury fÍorms a convex meniscus with gÌass 
rather than the concave meniscus shown ¡n Figure 8. l8. 
Nhat does this telÏ you about the cohesive forces 
betwcen mercury atoms versus the adhesive forces 
between mercury atoms and glass? Which forces are 
stronger? 


Convex meniscus Concave meniscus 


56. ® Can a glass be flled to above Its brim with water 
without the water spilling over the edge? Try ¡t and see. 
Explain your observations. 


57. 8 Would you expect the surface tension of water to 
Increase or decrease with temperature? JDefend your 
AnSWET. 


58. Dịp a paper clip Into water and then slowly pull 
It upward to the point where it 1s nearly free from the 
surface. You Ìl ñnd that for a short distance, the water is 
broupht up with the metal. Are these adhesive or cohe- 
sive forces at work? 


59. @ \hy does water bead on a freshly waxed surface? 


60. @ Why do liquids in which the molecular interac- 
tions are strong have greater surface tension than those 
in which the molecular interactions are weak? 


61. Does soap Increase or decrease waterS surface 
tension? 


62. $ A thin fñ[m of fresh water can be made to stretch 
across a small wire loop with a diameter ofabout Ì cen- 
timeter. At larger diameters, however, the ñÌm collapses 
into a water drop. IÝwaters surface tension were 
greater, might greater diameters ofa thin fi[m be 
achieved? 


63.® A gold ring cannot sit on the surface of water, 
but a thin gold wire loop o£ the same diameter and den- 


sity can. Why? 


64. 6 A duck can come out of the water with Its feath- 
ers already perfectly dry. How can this be? 


65. # Why are oil spIlls particularly devastating for sea 
birds? 


66. #8 Why do bubbles in boiling water get larger as 
they rise to the surfacc? 


67. ® ÑWhere ¡s the boiling point ofwater the greatest: 
at the bottom ofa pot oŸ water or Just below the 
surface? 


68. ® WWater coming out ofvolcanic sea vents at the 
bottom of the occan can rcach tempcratures in exccss Of 
300°C) without boiling. Explain. 


69. ® You can determine wind direction by wetting 
your ñnger and holding ït up ¡n the air. Explain. 


70. ® Why does blowing over hot soup cool the 


soup? 


71. Why does wetting a cloth in a bucket of cold 
water and then wrapping the wet cloth around a bottle 
produce a cooler bottle than placing the bottle directÌy 
¡n the bucket of cold water? 


72. ® Could you cook an egg in water boiling In a vac- 
uum? Explain. 


73. ® An inventor friend proposes a design of cook- 
ware that wIll allow water to boiÏ at a temperature lower 
than 100°€) so that food can be cooked with less 
energy. Comment on this idea. 


74. ® Nhat ¡s the gas inside a bubble ofboiling 


water? 


75. Your instructor hands you a closed glass flask 
pardy fñilled with room-temperature water. hen you 
hold ít, the heat from your bare hands causes the water 
to boil. Quite impressivel How ïs this accomplished? 


76. 8 As an evaporating liquid cools, does something 
else get warm? If so, what? 


77. A lid on a cooking pot filled with water shortens 
both the time ¡t takes the water to come to a boiÏ and 
the time the food takes to cook in the boiling water. 
Explain what is go¡ng on in cach case. 


78. ® WWhy is evaporation a cooling process? W/hat 
does evaporation cool? 


79.® Why is condensation a warming process? What 
does condensation warm? 


80. ® Rubbing washless hand sanitizer Into your hands 
causes your hands to cool down. Why? 


81. Maple syrup ¡is made from the watery sap of the 
sugar maple tree. Why does it take so much energy to 
make maple syrup? 


82.® Describe the motion oftwo magnetic marbles as 
they roll closer to each other and then come into con- 
tact. 


83. @ What happens to two water molecules after they 
come together to form a hydrogen bond——do they 
vibrate more rapidly or less rapidly? 


84.@ Why does liquid water have such a high specific 


heat? 


85. $ What would happen to the oceans ¡f the atmos- 
phere suddenly disappeared? 
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6ó. 8 Which has a higher specific heat: Íresh water or 


occan water? Why? 


87. If Earths oceans were fresh water, would Ñuctua- 
tions in ølobal temperatures be more or Ïess pro- 
nounced? 


88. 8 Ifliquid water had a lower specifc heat, would 
ponds be more likely to freeze or less likely to freeze? 


89.@ Should the specific heat of your automobileS 
radiator liquid be as high as possible or as low as possi- 
ble? Explain. 


90. @ Would fevers run higher or lower ¡£ liquid 
water s specific heat were not so hiph? 


91.® Bermuda ¡s close to North Carolina, but unlike 
North Carolina it has a tropical climate year-round. 


Why? 


92. If the winds at the latitude of San Francisco and 
WWashington, D.C., were from the east rather than from 
the west, why might San Francisco be able to grow 
cherry trees and Ñashington, D.C., palm trees? 


93. ® To impart a hickory flavor to a roasted turkey, a 
cook pÏaces a pot of water containing hickory chips in 
the oven with the turkey. Why does the turkey take 


longer than expected to cook? 


94. @ \Why is it that in cold winters a large tub of liq- 
uid water placed in a farmers canning cellar heÌps pre- 
vent canned food from Íreezing? 


95.®@ Why do ¡ce cubes get smaller when left in the 
freezer for a long time? 


96. @ WilI a saowball keep longer In a frost-free Íreezer 
or in an older non-frost-free Íreezer? 


97, ® Is the food compartment in a refrigerator cooled 
by evaporation or condensation of the refrigerating 
coolant? 


98. ˆThe same amounrt of red-colored Kool-Aid 
crystals are added to a still glass of water and a still 
glass of gasoline. Both are the same temperature. Nei- 


ther ¡is stirred. W/h¡ch should become uniform ¡in color 
ñrst? 


99. A great dcal of heat ¡s released when liquid 
water freezes. hy doesnt this heat simplÌy remelt the 
Ice? 


100. #8 Suppose 4 grams ofÏiquid water at 100°C is 
spread over a large surface so that Ì pram evaporates 
rapidly. IÝ evaporation of the 1 gram takes 2259 joules 
from the remaining 3 grams of water and no other heat 
transfer takes place, what are the temperature and 
phase of the remaining 3 grams once the Ì gram is 
evaporatcd? 
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101. 8 A walnut stuck to a pin 1s burned beneath a can 
containing 100.0 grams of water at 21C. After the 
walnut has completely burned, the waters final temper- 
ature is 28°C. How much heat energy came from the 
burning walnut? 


102. 8 How much heat is required to raise the temper- 
ature of 100,000 grams of iron by 30°C ? 


103. #8 By how much will the temperature of 5.0 
grams of liquid water increase upon the addition of 
230 joules of heat? 


104. ® How much heat ¡is required to raise the tem- 
perature of 1.00 pram of water from —5.00°C to 
+5.00°C? 


.ANSWERS TO CALCULATION 
.CORNER 


HOW HEAT CHANGES TEMPERATURE 


1. The temperature change is ñnal temperature minus 
Initial temperature: 55.0°C — 25.0°C = +30.0°C. 
Multiply this positive temperature change by the 
water S specific heat and mass: 


heat = (4.184 J/g - °C)(100,000 g)(+30.0°C) 
= 12,552,000 ] 


Thịs large number helps to explain how an electric 
water heater consumes about 25 percent ofall house- 
hold electricity. With the proper number of signifi- 
cant ñgures (see Appendix B), this answer should be 
expressed as 10,000,000 joules. 


2. The temperature change ¡s —30.0°C — (—10.0°C) = 
—20.0°C. Multiply this negative temperature change 
by the ices speciic heat and mass: 


heat = (2.01 J/g - °C)(10.0 g)(—20.0°C) 


= -Á402 ] 

The next time youTe near a refrigerator/freezer, pÌace 
your hand near its back, and yoư Ìl feel the heat that 
has been extracted from the food inside. 
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105. ® How much heat is required to raise the tem- 
perature of 1.00 gram of water from absolute zero, 


=272C; tơ 100°G? 


106. ® How much energy ïs required to transform 
1.00 gram of water from 100°C liquid to 100°®C water 
vapor? 


107.  Why does transforming water from 100°C liq- 
uid to 100°C gas require mụch more energy than rais- 

¡ng the temperature of the same amount of water from 
absolute zero all the way to 100°C liquid? 


108. #4 To increase the temperature of 575 prams of 
ocean water by 5.0°C requires 2674 J. Use this Infor- 


mation to calculate ocean waters specIlc heat. 


| HANDS-ON CHEMISTRY INSIGHTS 


A SLICE OF ICE 


Liquid water normally contains an appreciable 
amount of dissolved air. As the water freezes, this air 
comes out ofsolution and forms bubbles that can 
make the ice cloudy. Interestingly, liquid water in an 
Ice tray begins to freeze along the perimeter of each 
cube. The dissolved gases are thus pushed inward 
toward the center of each cube, where freezing occurs 
last. This is why an ice cube is typically clear on its 
perimeter and cloudy ¡n the middle. Water that has 
just been boiled contains only small amounts of dis- 
solved air, which ¡s why it can be used to create fairly 
clear ice cubes. 

Ïts interesting to consider this activity in light of 
Section 8.6. Note that changes in phase are occur- 
ring as the ice melts below the wire and as the liquid 
water refreezes above. When the liquid water imme- 
diately above the wire refreezes, the water gives up 
energy. How much? Enough to melt an equal 
amount ofice immediately under the wire. This 
energy must be conducted through the wire. Hence 
this demonstration requires that the wire be an excel- 
lent conductor of heat. String is a poor conductor of 
heat, which ¡s why ¡t does not work as a substitute for 
metal wire. 


Ice-skaters know that the sharper their blades, the 
casler it 1s for them to glide. A sharper blade has a 
smaller surface area in contact with the ice and is thus 
able to applÌy a greater pressure. Similarly, a thin wire 1s 
able to slice through a block ofice more quickly than a 
thick wire. A thin wire, however, is also weaker and so 
mighrt not be able to hold the anchoring weights with- 
out breaking. 


RACING TEMPERATURES 


The frst piece of evidence that the salt has a lower 
specifc heat is that ¡t has a higher temperature when 
you take your samples out of the oven. The second 
piece of evidence is that, despite this initially higher 
temperature, the salt cools faster than the rice. Cne 
reason rice has the higher specifc heat ¡s that each 
grain contains a fair amount of moisture. When you 
heat the rice, much of this moisture ¡s released. Mois- 
ture continues to be released even after you take the 
rice out of the oven, which ¡s why the grains adhere to 
the mug. 

Some people exploit rices ability to absorb mois- 
ture by placing grains of rice in their salt shakers. The 
rice absorbs any moisture that would otherwise cause 
the salt crystals to clump together. Most commercial 
salt contains water-absorbing silicates that achieve the 
same result. You can see these silicates as you try to 
đdissolve commercial saÌt in water——the cloudiness 
you see is not from the salt but from the insoluble 
silicates. 

You can put the high specific heat of rice to practical 
use, either keeping warm on cold evenings or soothing 
painful cramps. Fill a clean sock three-quarters full 
with rice. Tie the open end closed with a string (dont 
use metal wirel) and cook in a microwave for a couple 
of minutes. (Dont use a conventional oven!!) The 
moisture in the grains becomes apparent when you 
take the sock out of the oven——the released moisture 
has made the sock slightly damp. Wrap the sock 
around your neck for instant gratification. Need a 
neck cooler? Store the rice-filled sock in the freezer. 
The moisture in the rice stays cold for a long time. 
These devices make great homemade gifts when a 
fancy fabric is used in place of the sock and a mild 
fraprance is added. 
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¡(EXPLORING FURTHER 


http://nssdc.gsfc.nasa.gov/planetary/ice/ice_ moon.html 
www.nrl.navy.mil/clementine 


M Š⁄/cllf£es orbiting the mvoon 1n te late I990š fouøl eu7- 
đleucê šggesting the p†eseiace 0ƒ tUater 10117" craters ðƒ the 
?oo0 south and aortÙ poles tuhere the si neUer sb/0163. 


http://seawifs.gsÍc.nasa.gov/OCEAN_PLANET/ 
HTML/oceanography_ recently_ revealed1.htmÏl 


M V2lc422c Uenis at tbe boitori oƒ the 0c€4fì $Ð€LU 0É t0Af€T 4E 
teinperatures ín excess 0ƒ300°C. In 1977, geologisfS explor- 
?ng these Ueints dscoueredl 0lel-lookiig a0tiiAall surUiUig 0n 
£Ðe sunless sea[Ïoor:. 


http://water.usøs.øov/watuseí 

77⁄4 iucbsite öƒ the United States Geological Suruey proU/4es 
4a detailedl breaEdlotun 0ƒ tuater use 1n the United St4t€s 
beginnine ín 1950. 

www.cmdl.noaa.eov/gallery/cmdl_ ñigures 


mM 7e Clữmatc Montoring and Diagnostics Laboratory oƒ the 
NaHonal Oceaiic and Atmospberic Ádhninistratiofi pro- 
U¿les 1p-to-dale @rapbs andl 1lÏustrations on the chaliges 7 
UATi0ous a100speric c01wpomenis, such as carbon dlioxide, 
;ethanne, cbloro[luorocarbows, an man) 0éofc. 


www.piercecollege.com/ofices/weather/water.html 


m 72c:ueatber station 0ƒLos Angeles Diercc College proui⁄l£S s01 
belp[ttl dlescriptionts abouf 1ant) 0ƒ 104€† š tuli404€ ĐT0)€TfêS. 


www.ConceptChem.com 


M7577 C07cepfCer.cozn to 7egisfe† Jour Concebtual Cơ- 
7stry Aluel DVD-ROMM. legisterei 1šểrs receiUe [free Iecb- 
cal supporF as tUell as access to the autbo73 ams10ers fo te 
0r 600 qwestios 4Ðped†ing 1U/tbin CCAliuel Bebindl-the- 
sce?es pbotos 43 t0€ll 4s 1nierest1g inƒ0rrmaHion about the 
cast, cretu, ai production 0ˆ CCAliuel are ao auatlable. 
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THOSE INCREDIBLE WATER MOLECULES 


Visit The Chemistry Place at: 
WWWw.aw-bc.com/chemplace 


GLOBAL WARMING AND 
THE KYOTO PROTOCOL 


he evidence is clear and repro- 

ducible. As is discussed in Chapter 

17, over the past so years both 
Earth's atmosphere and oceans have 
warmed by about o.s°C. Thỉs may not 
seem like rnuch because ]local tem- 
perature fluctuations are much more 
pronounced. When Earth is looked at 
as a whole, however, a]] fluctuations 
should balance out. Instead, meas- 
uremernts tell us that, on average, 
Warming spells have been more fre- 
quent than cooling spells. The result 
is a gradual increase in Earth's aver- 
age temperature. 

What if we were to sỉimply wait 
another so years? Might tempera- 
tures come back down as part ofa 
longer-term fluctuation? This is a pos- 
s†bility, but it is most unlikely because 
of the answer to an even more funda- 
mental question: what is the cause of 
the present global warming? Here the 
scientific debates have also settled 
into general agreement. As explored 
further in Chapter 17, the current 
Wwarming trend is the direct result of 
increasing amounts of greenhouse 
gases placed into the atmosphere by 
human activities,ïn particular, defor- 
estation and the burning of fossil 
fuels. By far, the most significant 
greenhouse gas we are responsible 
for ïs carbon dioxide, CO.. 

A greenhouse gas ïs any comnpo- 
nent of the atmosphere that allows 
visible solar radiation to reach the 
Earth's surface but prevents invisible 
infrared radiation (heat) from escap- 
ng back into outer space. This mim- 
ics the warming action of a 
greenhouse. lf it were not for the 
atmosphere s greenhouse effect, 
Earth's average surface temperature 
would be a chilly —18”C. 

S0 greenhouse gases keep us 
Warm. It stands to reason that more 
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greenhouse gases added to our 
atmosphere would keep us even 
Wwarmer. Since 1958, the year that 
direct measurement of atmospheric 
carbon dioxide began, we have added 
about 27o billion tons of carbon điox- 
ide to the atmosphere. Of this 
amount, about go billion tons have 
been absorbed by the oceans and 
another 4s billion tons by soïÌs and 
plants. The remaining 13s billion tons 
are stillïn the atmosphere, which ïn 
total contains about 81o billion tons. 
Do the math (135/81o x1oo) and 
you'TTl find that about 17 percent of 


| 


the carbon dioxide you inhale with 
each breath comes from the burning 
of fossil fuels and deforestation. 
Atmospheric concentrations of 
carbon dioxide have varied naturally 
throughout Earths history. Present 
CO, concentrations, however, are ow 
higher than any seen ïn at least the 
past 45o,ooO years. Recent đirect 
mneasurements combined with sam- 
pling of air trapped ïn polar ice cores 
shows that the recent rise ïn CO, cor- 
relates wel] with industrialization, 
which began ïn the earÌy 18oos, as 
revealed in the following graph: 


—| —®&— Law Dome lce Core, Antarctica |—————~ 
_| =E Mauna Loa, Hawaii F6: là 


Carbon Dioxide (ppm) 


| | | 
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Søzzce: Natlonal Oceanic and Atmospheric Administration (NOAA) 
www.cmdÏl.noaa.gov/infodata/faq_ cat-3.html 


Although global warming ïtself is 
no longer debated, there is no surefire 
way to figure out what the effects 
might be.We do find,however, that 
growïng seasons ïn northerm lati- 
tudes are now up to two weeks longer 
than they were just several decades 
ago. Also, glaciers are receding at 
record rates and sea leveÌs are rïsing 
by about 1cm per decade. A worst- 
case scenario could be one where the 
melting Greenland ice cap adds suffi- 
cient fresh water to the northern end 
of the Gulf Stream to cause the Gulf 
Stream to move southward away 
from Europe and towards the Sahara 
Desert of Africa. Europe's average 
temperatures would drop by some 
6°C, while already ïimpoverished sub- 
Saharan nations would be devastated 
by an ever-expanding Sahara Desert. 
Meanwhile, ocean levels around the 
wor]d would rise. lf all of the Green- 
land ice cap melted, the ocean would 
rise by about 7 meters,enough to 
inundate coastal cities, southern 
Florida, as well as all of Bangladesh. 
On the other hand, a more desirable 
scenario rnight be one in which the 
effects of global warming take cen- 
turies to develop, which would pro- 
vide sufficient time for humans to 
adapt. The uncertainties are signifi- 
cant. The question of what to do 
about global warming, therefore, has 
moved beyond science and into the 
reaÌm of politics. 

After ratification of the 1987 Mon- 
treal Protocol limiting the production 
of ozone-depleting chlorofluoro- 
carbons (Chapter 9),maember nations 
of the United Nations began conven- 
ing to seek agreement on how to deal 
with the implications of global 
Wwarming. The aïm was to generate 
commitments from industrialized 
countries to reduce carbon dioxide 
ermmissions, while allowing developing 
countries to increase their energy use 
(for a limïted number of years) so 
that their unstable economies could 


grow. After many negotiations, initial 
agreements were made and brought 
†ogether ïn a document that was 
finalized during a1997 convention 
held in Kyoto, Japan. Through this 
document, known as the Kyoto Proto- 
col, nations pledged to earn emis- 
sions reduction units. The UN would 
grant these units for reduction of 
emissions by projects involvĩng 
ïncreased fuel efficiencies or by the 
sequestering of atmospheric CO, 
through projects such as reforesta- 
tion. Participating nations can also 
†rade or purchase credits from other 
nations. 

Many issues, however, remained 
unsettled,foremost among them the 
question of how mmuch each nation 
would contribute. Under the Clinton 
administration, the United States 
made ït clear that ït would not ratify 
the Kyoto Protocol unless key devel- 
oping countries, especially China and 
India, made more meaningful com- 
mitmernts. In April 2oo, President 
Bush pulled the United States out of 
the Kyoto agreement, citing the 
weakening economy, energy short- 
ages, and a need for more research 
and better plannindg. 

Despite the withdrawal of the 
United States, the remaining nations 
mnoved forward with the Kyoto Proto- 
col. During the period from 2oo8 to 
2012, participating nations are for- 
mnally committed to reducing theiïr 
overall emissions to about what they 
produced ïn 19go. For the European 
Union, this means reachỉng emissions 
that are 8 percent below 19go rates. 
This balances out less-developed 
nations, who are allowed emissions 
greater than theïr 1ogo rates. Wïll the 
independent efforts of the United 
States or the united efforts of the par- 
ticipants ïn the Kyoto Protocol have 
any sigmficant impact on global 
warming? No one knows and it may 
be decades or even centuries before 
anyone finds out. 


Why are scientists and politi- 
cỉans so concerned about a 
mneasÌy o.s°C increase in global 
temperature? 


Was thỉs your answer? This tem- 
perature increase ïs significant 
because ït is the average ïncrease 
spread over the entire globe. 


IN THE SPOTLIGHT 
DISCUSSION QUESTIONS 


si 


Q2 


. How might U.S.industries be per- 


suaded to take actions towards 
reducing greenhouse gas emis- 
sions? How about individual U.S. 
citizens? 


. Some people argue that the atmos- 


phere and oceans are sỉimply too big 
for humans to have any significant 
impact on them. Do you agree or 
đisagree? Why? 


. How do you feel about less- 


developed nations being allowed 
†o ïncrease theïr energy consump- 
†ion while more developed nations 
are required to cut back? Should a 
nations birth rate be factored into 
ïts energy allowances? 


Plants require carbon dioxide to 
grow. lncreased amounts of carbon 
đioxide in the atmosphere have 
been shown to help plants grow 
more prolifically.What are some 
ways in which elevated levels of 
atmospheric carbon dioxide could 
be detrimental to plants? 


. Weather stations located in the 


northern hemisphere show a regu- 
lar seasonal fluctuation such that 
levels in the winter are routineÌy up 
†o 15 ppm greater than they are in 
the summer.Weather stations 
located in the southern hemisphere, 
however, show smaller seasonal 
fluctuations of only about 2 ppm. 
Why? 
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HOW REACTANTS REACT 
TO FORM PRODUCTS 


0f (lem1(al : 


The heat of a lightning bolt causes many chemical reactions 


| ' in the atmosphere,1ncluding one in which nïitrogen and oxy- 

[ È ủ ( Ỉ Í | \ gen react to form nitrogen monoxide, NO. The nitrogen 

monoxide formed in this manner then reacts with atmos- 

9.1. Chemical Reactions Are pheric oxygen and water vapor to form nitric acid, HNO., and 
Represented by Chemical 


nỉtrous acid, HNO,. These acids are carried by rain into the 
Equations 
ground, where they form ions, which plants need for 


9.2 Chemists Use Relative Masses 


to Count Atoms and 
Kiclecuiles Scientists have learned how to control chemical reactions 


growth—a process that involves further chemical reactions. 


9.3 — ReactionRatelsinfluencedby to produce many useful materials—nitrates and other nitro- 


Concentration and gen-based fertilizers from atmospheric nitrogen, metals from 
Temperature rocks, plastics and pharmaceuticals from petroleum. These 
9.4 — Catalysts Increase the Rate of materials and the thousands of others produced by chemical 
Chemical Reactions reactions, as well as the abundant energy released when fos- 
9.5 Chemical Reactions Can Be sỉl fuels take part in the chernical reaction called combustion, 
Either Exothermic or have dramatically mproved our living conditions. 
Endothermic 


The goal of this chapter is to gïve you a stronger handle on 
9.6 _ Entropy lsa Measure of 


the basics of chemical reactions, which were introduced in 
Dispersed Energy 


Chapter 2. Then ïn the following chapters we']l look at spe- 
cific classes of chemical reactions, such as acid-base reac- 
tions, oxidation-reduction reactions, and reactions involving 


organic chemicals. 
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CHAPTER 9 


AN OVERVIEW OF CHEMICAL REACTIONS 


*® o1 Chemical Reactions Are Represented 
by Chemical Equations 


uring a chemical reaction, one or more new compounds are formed as a 
result o£ the rearrangeement ofatoms. To represent a chemical reaction, we 
can write a chemical equation, which shows the substances about to react, 
called reactants, to the left ofan arrow that points to the newly formed sub- 
stances, called products: 


reactants —> products 


Typically, reactants and products are represented by their atomic or molecular 
formulas, but molecular structures or simple names may be uscd instead. Phases 
are also often shown: (s) for solid, (@) for liquid, and (g) for gas. Compounds 
dissolved in water are designated (aq) for aqueous. Lastly, numbers are placed in 
front of the reactants or products to show the ratio in which they either com- 
bíne or form. These numbers are called coefficients, and they represent num- 
bers of individual atoms and molecules. For instance, to represent the chemical 
reaction ¡n which coal (solid carbon) burns in the presence of oxygen to form 
gaseous carbon dioxide, we write the chemical equation 


IJ€) +1 Os) ———x lCO;) (balanced) 


Reactants Products 


One ofthe most important principles of chemistry is the #0 Øƒ 743$ c071$€74- 
/zøn, which states that matter is neither created nor destroyed during a chemical 
reaction (Section 3.2). The atoms present at the beginning ofa reaction mercly 
rearrange to form new molecules. This means that no atoms are lost or gained 
during any reaction. The chemical equation must therefore be Øz/zce¿, which 
means cach atom shown ¡in the equation must appear on both sides of the arrow 
the same number of times. The preceding equation for the formation ofcarbon 
dioxide is balanced because cach side shows one carbon atom and two oxygen 
atoms. You can count the number ofatoms ¡n the space-flline models to see this 
for yourself. 

In another chemical reaction, two hydrogen gas molecules, H;, react with 
one oxygen gas molecule, ©;, to produce two molecules of water, HO, in the 


gaseous phase: 


Đ) H;(g) Ea Ủ S)1(-) Pmmmeds. H;O@) (balanced) 


Thịs equation for the formation o£water is also balanced——there are four hydro- 
gen and two oxygen atoms before and after the arrow. 

A coeflcient in front oFa chemical formula tells us the number of times that 
element or compound must be counted. For example, 2 H;O indicates two 
water molecules, which contain a total offour hydrogen atoms and two oxygen 


9.1 CHEMICAL REACTIONS ARE REPRESENTED BY CHEMICAL EOUAIIONS 


atoms. By convention, the coefficient Ï is omitted so that the above chemical 
equations are typically written 


C@) + Ø©,(g) =—. CO,(g) (balanced) 
62 H;(g) TẾ O,(g) —= ` 2 H;O(g) (balanced) 


How many oxygen atoms are indicated by the balanced equation 


3O;(g) —> 2O;(g) 


Was thỉs your answer? Six. Before the reaction these six oxygen atoms are 
found ïn three O, molecules. After the reaction these same six atoms are 
found ïn two O. molecules. 


An unbalanced chemical equation shows the reactants and products without 
the correct coefficients. For example, the equation 


NO@) =ẽ= N;,O@) + NO¿(g) (not balanced) 


is not balanced because there ¡s one nitrogen atom and one oxygen atom before 
the arrow but three nitrogen atoms and three oxygen atoms after the arrow. 
You can balance unbalanced equatlons by adding or changing coeflicients to 
produce correct ratios. ([ts important not to change subscripts, however, because 
to do so changes the compound$ identity——H;© ïs water, but HO; ¡s hydrogen 
peroxidel) For example, to balance the preceding equation, add a 3 before the NO: 


3 NO@) = N;O@) + NO;@) (balanced) 


Now there are three nitrogen atoms and three oxygen atoms on cach side of the 
arrow, and the law of mass conservation ¡s not violated. 


Write a balanced equation for the reaction showing hydrogen gas and 
nitrogen gas forming amrnonia gas: 


Was thïs your arnswer? 


.Òò. @ @®@ 


3H¿(g) + Nạ(g  ————> 2NH;(g) 


You can see that there are equal numbers of each kind of atom before and 
after the arrow. For more practice balancing equations, see the questions at 
the end of this chapter. 
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.= Chemical explosions typically 


| 


involve the transformation of an 
unstable solid or liquid chemical 
into more stable gases that 
Occupy rnuch more volume. Upon 
detonation, one mole of nitro- 
glycerin,C.;H.N.O,,produces 
72s moles of gases, including car- 
bon dioxide, CO,, nïtrogen, N,, 
Oxygen, O,, and water vapor, H,O. 
The volume change is dramatic— 
from less than o.3 liter to about 
T7O liters, which is about 6oo 
tỉmes greater. For nïtroglycerin 
and similar high explosives,these 
gases expand at supersonic 
speeds, creating a powerful and 
destructive shock wave. 

MORE TO EXPLORE: 
http://en.wikipedia.org/wiki/ 
Nitroglycerine 


FIGURE 9.1 


The number of balls in a given 
mass of Ping-Pong balls is very 
different from the number of 
balls in the same mass of golf 


balls. 


AN OVERVIEW OF CHEMICAL REACTIONS 


Practicing chemists develop a skill for balancing equations. Thịs skill Involves 
creative energy and, like other skills, improves with experience. There are some 
useful tricks of the trade for balancing equations, and maybe your instructor wilÏ 
share some with you. More important than being an expert at balancing equa- 
tions, howevcer, is knowing why they need to be balanced. And the reason ¡s the 
law of mass conservation, which tells us that atoms are neither created nor 
destroyed in a chemical reaction—they are simplÌy rearranged. So every atom 
present before the reaction must be present after the reaction, even though the 
groupings ofatoms are different. 


5 o.2_ Chemists Use Relative Masses to Count Atoms 
and Molecules 


n any chemical reaction, a speciic number of reactant atoms or molecules 
react to form a specific number of product atoms or molecules. For exam- 
ple. when carbon and oxygen combine to form carbon dioxide, they always 
combine in the ratio ofŸone carbon atom to one oxygen molecule. A chemist 
who wants to carry out this reaction in the laboratory would be wasting chemi- 
cals and money ¡f she were to combine, say, four carbon atoms for every one 
oxygen molecule. The excess carbon atoms would have no oxygen molecules to 
react with and would remain unchanged. 

How ïs it possible to measure out a specilc number of atoms or molecules? 
Rather than counting these particles individually, chemists can use a scale that 
measures the mass ofFbulk quantities. Because different atoms and molecules have 
different masses, however, a chemist cant simpÌy measure out equal masses of each. 
Say, for example, he needs the same number ofcarbon atoms as oxyøen molecules. 
Measuring equal masses of the two materials would not provide equal numbers. 

You know that 1 kilogram of Ping-Pong balls contains more balls than 1 kilo- 
gram of golf balls, as Figure 9.1 illustrates. Likewise, because different atoms 
and molecules have different masses, there are different numbers of them in a 
1-gram sample of cach. Because carbon atoms are Ïess massive than oxygen mol- 
ecules, there are more carbon atoms in 1 gram of carbon than there are oxyeen 
molecules in l gram of oxygen. So, clearly, equal masses of these two particles 
do not yield equal numbers of carbon atoms and oxygen molecules. 


Equal masses 
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The mass ofone Ping-Pong The mass ofone golf 
ball is 2 grams. ball is 40 grams. 


A Ping-Pong ball is 2/4o,or 1/20, 
as massive as a golf ball. 


Number of BÚ Number of 
lã Ping-Pong balls golf balls h 


If we know the ze/2z/7ue 7z4ssés of different materials, we can measure equal 
numbers. Golf balls, for example, are about 20 times more massive than Ping- 
Pong balls, which ¡s to say the relative mass of golf balls to Ping-Pong balls ¡s 
20 to 1. Measuring out 20 times as much mass of golf balls as Ping-Pong balls, 
therefore, øives equal numbers of each, as is shown ¡n Figure 9.2. 


A customer wants to buy a 1:1 mixture of blue and red jelly beans. Each blue 
bean is twice as massive as each red bean. lf the clerk measures out s pounds 
of red beans, how many pounds of blue beans rmmust she measure out? 


Was thỉs your answer? Because each blue jelly bean has twice the mass of 
each red one, the clerk needs to measure out twice as much mass of blues in 
order to have the same count, which means 1o pounds of blues. lf the clerk 
did not know that the blue beans were twice as massive as the red ones, she 
Wwould not know what mass of blues was needed for the 1:1 ratio. Likewise, a 
chemist would be at a loss in setting up a chemical reaction if she did not 
know the relative masses of the reactants. 


The periodic table tells us the relative masses of carbon and molecular oxy- 
gen; therefore, we can measure out equal numbers of their fundamental parti- 
cles-atoms for carbon and molecules for oxygen. Figure 9.3 illustrates this 
concept. The atomic mass of carbon ¡is 12.011 atomic mass units. (As discussed 
in Section 3.6, ] Z/Ø72e #4sẽ #2? (amu) = 1.661 x 10”! gram.) The formula 
mass of a substance ¡is the sum of the atomic masses of the elements in its 
chemical formula. Therefore, the formula mass of an oxygen molecule, Ò;, ¡s 
15.999 atomic mass units + 15.999 atomic mass units = 32 atomic mass unIts. 
A carbon atom, therefore, is about 12/32 = 3/8 as massive as an oxygen mole- 
cule. To measure out equal numbers of carbon atoms and oxygen molecules, we 
measure out only three-eigehths as much carbon. Ifwe started with 8 prams of 
oxygen, we need 3 grams of carbon to have the same number of particles 
(because 3 ¡s three-eiphths of 8). Alternatively, If we started with 32 grams of 
oxygen, we need l2 grams of carbon to have the same number of particles 
(because 12 ¡s three-eiphths of 32). 


FIGURE 9.2 


The numbcr of golf balls in 

200 grams of golf balls equals the 
number ofPing-Pong balls in 

10 grams of Ping-Pong balls. 


atomic mass of O = 15.999 amu 
+_atomic mass of O = 15.ooo amu 


formula mmass of O. ~ 32 amu 


296 CHAPTER9_ AN OVERVIEW OF CHEMICAL REACTIONS 


và C Ø | 
12011 15.999 


The mass of one The mass of one 
carbon atom is oxygen molecule is 
approximately approximately 32 amu. 
12 amu. 


A carbon atom is 12/2, or 3/8, as 
massive as an oxygen molecule. 


Numberof_ =  Number of 
carbon atoms oxygen molecules ` 


FIGURE 9.3 


To have equal numbers of carbon atoms and oxygen molecules requires measuring 
out three-eighths as much carbon as oxygen. 


h - CHẾT 


1.. Reacting 3 grams of carbon, C, with 8 grams of molecular oxygen, O., 
results in 11 grams of carbon đioxide, CO,. Does ït follow that 1.5 grams of 
carbon wiÏl react with 4 grams of oxygen to form 5.5 grams of carbon 
dioxide? 

2. Would reacting s grams of carbon with 8 grams of oxygen also result in 
11 grams of carbon dioxide? 


Were these your answers? 

1.. The quantities are only halfas much, but theïr ratio is the same as when 
11 grams of carbon dioxide are formed:1.5:4:5.5 = 3:8:11. 

2. Itïsacommon error of many students to think that no reaction wïiÏÏ occur 
If the proper ratios of reactants are not provided. You should understand, 
however, that ïn a s-gram sample of carbon, 3 grams of carbon are avaiÌ- 
able for reacting. This 3 grams wi]Ì react with the 8 grams of oxygen to 
form 11 grams of carbon dioxide. There will be 2 grams of carbon unre- 
acted after the reaction. Reacting this remaining 2 grams of carbon 
Wwould require more oxygen. 


9.2 CHEMISTS USE RELATIVE MASSES TO COUNT ATOMS AND MOLECULES 


THE PERIODIC TABLE HELPS US CONVERT BETWEEN GRAMS 
AND MOLES 


Atoms and molecules react in spccifc ratios. In the laboratory, however, 
chemists work with bulk quantites of materials, which are measured by mass. 
Chemists therefore need to know the relationship betwcen the mass of a given 
sample and the number ofatoms or molecules contained ¡n that mass. Ihe key 
to this relatlonship ¡s the 7ø/z. Recall from Secuon 7.2 that the mole is a unit 
cqual to 6.02 x 10”. This number is known as Avogadrơs number, in honor of 
Amadeo Avogadro (Section 3.3). 

As Figure 9.4 illustrates, If you express the numeric value of the atomic 
mass of any element in grams, the number of atoms in a sample of the ele- 
ment having this mass ¡s always 6.02 x 10”, which ¡s 1 mole. For example, a 
22.990-pram sample of sodium metal, Na (atomic mass 22.990 atomic mass 
units), contains 6.02 x 10?” sodium atoms, and a 207.2-gram sample of lead, 
Pb (atomic mass = 207.2 atomic mass units), contains 6.02 x 10” lead 
atoms. 

The same concept holds for compounds. Express the numeric value of the 
formula mass of any compound in grams, and a sample having that mass con- 
tains 6.02 x 10” molecules of that compound. For example, there are 6.02 
10? O; molecules in 31.998 grams of molecular oxygen, ©; (formula mass 
31.998 atomic mass units), and 6.02 x 10” CO; molecules in 44.009 grams of 
carbon dioxide, CO; (formula mass 44.009 atomic mass units). An explanation 
of this amazing relationship ¡s beyond the scope of this book but well within the 
range of questions you might ask your Instructor. 


| 22.990 g 207.2g 4.003 g 
| 6.02 102) atoms, 6.02 x 10? atoms, 6.02 < 10? atoms, 
 Which is 1 mole which is 1 mole which is 1 mole 


FIGURE 9.4 


Express the numeric value of the atomic mass ofany element in grams, and that 
many grams contains 6.02 x 10?” atoms. 
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s An Avogadros number of graïns 
of sand would fill the United 
States to a depth of about 2 
meters. There are about 6.4 bil- 
lion people on Earth. You would 
need about 94 trillion Earth-size 
populations to have an Avo- 
gadro's number of people. lfyou 
were to collect 1 million hydrogen 
atoms every second,ït would take 
you about 19 billion years to 
come up with a whole gram of 
hydrogen. The universe ïtself is 
only about 13 billion years old. A 
stack of an Avogadro 's number of 
pemnies would be about 8oo,ooo 
trillion kilometers, which is about 
the diameter of our galaxy. Placed 
side by side, these pennies would 
reach to the Andromeda galaxy, 
which is about a million light- 

_ Y©aTS aWay. 
MORE TO EXPLORE: 
WWW.goodle.com; keywords 
“mole analogies” 
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1.. How many atoms are there in a 6.941-gram sample of lithium, Li (atomic 
mass 6.941 atomic mass units)? 

2. How many molecules are there ïn an 18.o15s-gram sample of water, H„O 
(formula mass 18.o15 atomic mmass units)? 


Were these your answers? 

1.. Because thïs number of grams of lithium is numerically equal to the 
atomic mmass, there are 6.O2 x 1o?3 atoms ïn the sample, which is 1 mole of 
lithium atoms. 

2. Because this number of grams of water is numericalÌy equal to the for- 
mula mass, there are 6.O2 x 1G?3 water molecules in the sample, which is 
1mnole of water molecules. 


The molar mass of any substance, be it element or compound, is delned as 
the mass of 1 mole ofthe substance. Thus the units of molar mass are ørams per 
mole. For instance, the atomic mass of carbon ¡s 12.011 atomic mass unirs, 
which means that l mole ofcarbon has a mass of 12.011 prams, and we say that 
the molar mass of carbon ¡s 12.011 grams per mole. The molar mass of molecu- 
lar oxygen (O;, formula mass 31.998 atomic mass units) is 31.998 grams per 
mole. For convenience, values such as these are often rounded off to the nearest 
whole number. The molar mass of carbon, therefore, might also be presented as 
12 grams per mole, and that of molecular oxygen as 32 grams per mole. 


What is the molar mass of water (formula rnass = 18 atomic mass units)? 


Was thỉs your answer? From the formula mass, you know that 1 mole of 
water has a rmass of18 grams. Therefore, the molar mass is 18 grams per mole. 


Because 1 mole of any substance always contains 6.02 x 107” particles, the 
mole is an ideal unit for chemical reactions. For example, 1 mole of carbon 
(12 grams) reacts with 1 mole of molecular oxygen (32 grams) to give Ì mole of 
carbon dioxide (44 grams). 

Ïn many Instances, the ratio ¡in which chemicals react is not I:1. As shown in 
Figure 9.5, for example, 2 moles (4 grams) of molecular hydrogen react with 


-< 2) H; ¬= Ì O; =—- “= 2) HO 
2 moles l mole 2 moles 
which is which is which is 


4 grams 32 grams 36 grams 


which is wWhich is which is 


12.04 X 10?2molecules 6.02 X 1022molecules 12.04 X 1022 molecules 


FIGURE 9.5 


Two moles of H; react with 1 mole ofÕ; to give 2 molcs of HạO. Thịs ¡s the same 
as saying 4 grams of H; react with 32 grams of Ò; to give 36 grams of HO or, 
equivalently, that 12.04 x 10” H; molecules react with 6.02 x 10” O„ molecules to 
give 12.04 x 10” H;O molecules. 


9.3 REACTION RATE IS INFLUENCED BY CONCENTRATION AND TEMPERATURE 


FIGURING MASSES OF REACTANTS AND PRODUCTS 


#4 Using conversion factors 
(Section 1.3) and the relationship 
between grams and rmnoles, you can per- 
form some very high powered calculations. 


EXAMPLE 


What mass of water is produced when 16 grams of 
methane,CH, (formula mass 16 atomic mass units), burn 
in the reaction 


Chỉ +20, ==š: CÔ, + 2H.) 
Step 1. Convert the given mass to moles: 


Conversion factor 


-\| 1 mole CH. 
(6 gCH/ )|———————- |= 1mole CH, 
= 16 gCH¿ 


Step 2. Use the coefficients of the balanced equation to 
find out how many moles of H,O are produced from 
this many moles of CH„: 


Conversion factor 


2 moles H.,O 


(I maeei | | = 2 moles H,O 


1 mole CH„ 


Step 3. Now that you know how many moles of H,O are 
produced, convert this value to grams of H;O: 


Conversion factor 


18gH,O 


(2 molesH.O) : 
=vi 1 moleH,O 


_. 


This method of converting from grams to moles (step 1), 
then from moles to mmoles (step 2), and then from moles to 
grams (step 3) is an important aspect of what is called stoi- 
chiometry—the science of calculating the amount of reac- 
tants or products in any chemical reaction. It is a method 
that is developed much further in general chemistry 
courses. For this course, all you need to do is be familiar 
with what stoichiometry ïs all about, which ïs keeping tabs 
on atoms and molecules as they react to form products. 
Nonetheless, for a special assignment, you mmight try your 
analytical thinking skills on the following problems. First 
try to deduce the answer based on what you know about 
the law of mass conservation, and then follow the steps 
given here to check your answers. 


YOUR TURN 


1.. How many grams of ozone (O.,48 amu) can be produced 
from 6a grams of oxygen (O., 32 amu) in the reaction 


39; —* 20, 


2.. What mass of nitrogen monoxide (NO, 3o amu) is 
formed when 28 grams of nitrogen (N;, 28 amu) react 
with 32 grams of oxygen (O;, 32 amu) in the reaction 


N,+O, —> 2NO 


Answers to Calculation Corners appear at the end oƒ each chapter. 
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1 mole (32 grams) of molecular oxygen to give 2 moles (36 grams) of water. 
Note how the coeffcients of the balanced chemical equation can be conve- 
niently interpreted as the number of moles of reactants or products. Â chemist 
therefore need only convert these numbers of moles to grams in order to know 
how much mass of cach reactant to measure out to have the proper proportions. 

Cooking and chemistry are similar in that both require measuring ingredients. 
Just as a cook looks to a recipe to ñnd the necessary quantities measured by the cup 
or the tablespoon, a chemist looks to the periodic table to ñnd the necessary quan- 
tities measured by the number of grams per mole for each element or compound. 


5® g.3 Reaction Rate Is Influenced by Concentration 
and Temperature 


balanced chemical equation helps us determine the amounrt of prod- 
ucts that might be formed from given amounts of reactants. The equa- 
tion, however, tells us little about what is taking place on the submicroscopIc 
level during the reaction. In this and the following section, we explore that 
level to show how the 7e of a reaction can be changed either by changing 


3oo 


CHAPTER 9 AN OVERVIEW OF CHEMICAL REACTIONS 


Low concentration 
of products, high 
concentration 

Of reactants 


Time > 


High concentration 


ỡ # * è of products, low | 
E==> concentration 
Reactants Products Of reactants 


FIGURE 9.6 


Over time, the reactants in this reaction fask may transform to products. If this 
happens quickly, the reaction rate ¡s high. If this happens slowly, the reaction rate is 
OW. 


the concentration or temperature of the reactants or by adding what is 
known as a £2/2/5. 

Some chemical reactions, such as the rusting of iron, are slow, while others, 
such as the burning of gasoline, are fast. The speed of any reaction ¡s indicated 
by its reaction rate, which ¡s an indicator of how quickly the reactants transÍorm 
to products. As shown ¡in Figure 9.6, initially a fask may contain only reactant 
molecules. ver time, these reactants form product molecules, and as a result, 
the concentration of product molecules increases. The reaction rate, thereforc, 
can be defned either as how quickly the concentration of products Increases or 
as how quickly the concentration of reactants decreases. 

WWhat determines the rate ofFa chemical reaction? The answer is complex, but 
one important factor is that reactant molecules must physically come together. 
Because molecules move rapidly, this physical contact is appropriately described 
as a collision. Ñe can illustrate the relationship berween molecular collisions and 
reaction rate by considering the reaction of øgaseous nitrogen and øaseous oxy- 
gen to form gaseous nitrogen monoxide, as shown ¡in Eigure 9.7. 

Because reactant molecules must collide in order for a reaction to occur, the 
rate ofa reaction can be increased by increasing the number ofcollisions. An effec- 
tive way to Increase the number of colÏisions 1s to Increase the concentration of the 
reactants. Figure 9.8 shows that with higher concentrations, there are more mole- 
cules in a øgiven volume, which makes collisions between molecules more proba- 
ble. As an analogy, consider a bunch ofpeople on a dance foor—as the number of 
people increases, so does the rate at which they bump Into one another. An 
increase in the concentration of nitrogen and oxygen molecules, therefore, leads 
to a greater number of collisions between these molecules and hence a greater 
number ofnitrogen monoxide molecules formed in a given period oftime. 
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===`-‹ 
— Re 
...COming ...feact† upon 
Reactants... together.... colliding,... 
, Nitrogen,N; q3 Oxygen,O; ^ọ Nitrogen monoxide,NO 
FIGURE 9.7 


During a reaction, reactant molecules collide with cach other. 


Nor all collisions between reactant molecules lead to products, however, 
because the molecules must collide in a certain orientation in order to react. 
Nitrogen and oxygen, for example, are much more likeÌy to form nitrogen 
monoxide when the molecules collide in the parallel orientation shown ¡n 
Figure 9.7. When they collide ¡in the perpendicular orientation shown in 
Figure 9.9 on page 302, nitrogen monoxide does not form. For larger mole- 
cules, which can have numerous orientations, this orientation requiremenrt is 
even more restrICtIve. 

A second reason not all collisions lead to product formation is that the reac- 
tant molecules must also collide with enough kinetic energy to break their 
bonds. Only then ¡is ¡it possible for the atoms in the reactant molecules to 
change bonding partners and form product molecules. The bonds in N; and 
O; molecules, for example, are quite strong. In order for these bonds to be bro- 
ken, collisions between the molecules must contain enoueh energy to break the 
bonds. As a result, collisions berween slow-moving N; and O; molecules, even 
those that collide in the proper orientation, may not form NO, as is shown in 
Figure 9.10 on page 302. 


Less concentrated 


More concentrated ị 


FIGURE 9.8 


The more concentrated a sample of nitrogen and oxygen, the greaer the likelihood 
- that N; and Ô; molecules will collide and form nitrogen monoxide. 


...esulting in the 
formation of product. 
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Reactants coming ...In the wrong ... may collide Instead, the reactants 
together... Orientation... with no reaction. merely bounce off 
each other. 


". Nitrogen,N; ". Oxygen,O; 


FIGURE 9.9 


The orientation of reactant molecules in a collision can determine whether or not a 
reaction rakes place. A perpendicular collision berween N; and ©; does not tend to 
result in formation ofa product molecule. 


The hipher the temperature ofa material, the faster its molecules are moving 
and the more forceful the collisions between them. Higher temperatures, therc- 
fore, tend to increase reaction rates. The nitrogen and oxygen molecules that 
make up our atmosphere, for example, are always colliding with one another. Ất 
the ambient temperatures of our atmosphere, however, these molecules do not 
generally have sufficlent kinetic energy to allow for the formation oỂ nitrogen 
monoxide. The heat of a lightning bolt, however, dramatically increases the 
kinetic energy of these molecules, to the point that a large portion of the colli- 
sions in the vicinity ofthe bolt result in the formation o£nitroøeen monoxide. Âs 
discussed in the opening of this chapter, the nitrogen monoxide formed in this 
manner undergoes further atmospheric reactions to form chemicals known as 
nitrates that plants depend on to survive. This is an example OŸ 7//70g¿w ƒx4t/07, 
which we explore in Chapter l5. 


Reactants... ...COming ...SỈOWly.... ...tend not ...©Ven after 
together.... †O react... colliding in 
the proper 


M; Nitrogen,N; v3 Oxygen,O; orientation. 


FIGURE 9.10 


Slow-moving molecules may collide without enough force to break bonds. In this 
case, they cannot react to form product molecules. 
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—CONCE C | 
E cK 
An internal combustion engine works by drawïng a mmixture of air and gaso- 
line vapors into a chamber. The action of a piston then compresses these 


gases into a smaller volume prior to ignition by the spark of a spark pludg. 
What is the advantage of squeezing the vapors to a smaller volume? 


Piston 


Fuel/air intake Compression Power stroke 


Was thỉs your answer? Squeezing the vapors to a smaller volume effectively 
increases their concentration and hence the nurmnber of collisions between 
molecules. Thỉs, in turn, promotes the chemical reaction. 


The energy required to break bonds can also come from the absorption of 
electromagnetic radiation. As the radiation ¡is absorbed by reactant molecules, 
the atoms ¡in the molecules may start to vibrate so rapidly that the bonds 
between them are easily broken. In many instances, the direct absorption of 
electromagnetic radiation ¡s all it takes to break chemical bonds and initiate a 
chemical reaction. As we discuss in Chapter 17, for example, the common 
atmospheric pollutant nitrogen dioxide, NO;, may transform to nitrogen 
monoxide and atomic oxygen merely upon exposure to sunlighr: 


NO;+sunlight —> NO+O 


WWhether the result of collisions, absorption of electromagnetic radiation, or 
both, broken bonds are a necessary first step in most chemical reactions. The 
energy required for this initial breaking of bonds can be viewed as an z7zey ð47- 
zzzz. The minimum energy required to overcome this energy barrier is known as 
the activation energy, È. 

In the reaction between nitrogen and oxygen to form nitrogen monoxide, 
the energy barrier is so híph (because the bonds in N; and O©; are strong) that 
only the fastest-moving nitrogen and oxygen molecules possess sufficient 
energy to react. Figure 9. Ï on page 304 shows the energy barrier in this chem- 
ical reaction as a vertical hump. The activation energy ofa chemical reaction is 
analogous to the energy a car needs to drive over the top ofa hill. Without suf- 
ficient energy to climb to the top o£the hill, there is no way for the car to g€t tO 
the other side. Likewise, reactant molecules can transform to product mole- 
cules only If the reactant molecules possess an amount of energy equal to or 
greater than the activation energy. 

At any given temperature, there is a wide distribution of kinetic energies in 
reactant molecules. Some are moving slowly and others quickly. As discussed in 
Chapter 1, the temperature ofa material ¡s simply the Zøzzø£ ofall these kinetic 
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FIGURE 9.11 


Reactant molecules must gain a 
minimum amount of energy, 
called the activation energy, #, 


in order to transform to product 
molecules. 


FIGURE 9.12 


Fast-moving reactant molecules 
pOSsess sufÏicient energy to pass 
over the energy barrier and hence 
are the first ones to transform to 
product molecules. 


Ký 10-4 s2v ko rcxa-Eesascs Nitrogen monoxide 


Energy————> 


Nitrogen Oxygen 


ò ê 


Reaction progresS —————————> 


energies. The few fast-moving reactant molecules in Eigure 9.12 are the first to 
transform to product molecules because these are the molecules that have 
enouph energy to pass over the energy barrier. When the temperature oỂ reac- 
tants is increased, the number of reactant molecules having suficient energy to 
p4Ss over the barrier also increases, which is why reactions are generally faster at 
higher temperatures. Converscely, at lower temperatures, there are fewer mole- 
cules having sufficient energy to pass over the barrier, which ¡s why reactions are 
generally slower at lower temperatures. 

Most chemical reactions are infuenced by temperature ¡in this manncr, 
including those reactions occurring ¡n living bodies. The body temperature of 
animals that regulate their internal temperature, such as humang, ¡s fairly con- 
stant. However, the body temperature of some animals, such as the allipgator 
shown in Figure 9.13, rises and falls with the temperature of the environment. 
On a warm day, the chemical reactions occurring ¡n an alligator are “up to 
specd,” and the animal can be most active. On a chiÏly day, however, the chemi- 
cal reactlons proceed at a lower rate, and as a consequence, the alligators move- 
ments are unavoidably slugegish. 


cK 
What kitchen device ïs used to lower the rate at which microorganisms 
grow on food? 


Was thỉs your answer? The refrigerator!l Microorganisms, such as bread 
mold, are everywhere and đifficult to avoid. By lowering the temperature of 
mnicroorganism-contaminated food, the refrigerator decreases the rate of 
the chemical reactions that these microorganisms depend on for growth, 
thereby increasing the food's shelf life. 


4 JzKinetic energies 


| „ sufficient to Ị 
Kinetic energies Ặ Overcome 
not sufficient to energy barrier 
Overcome Œ 
energy barrier : | 
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Thị alligator became immobi- 
lized on the pavement after being 
caught in the cold night air. By 
midmorning, shown here, the 
temperature had warmed suffi- 
ciently to allow the alligator to 
get up and walk away. 


* o.4  Catalysts Increase the Rate of Chemical Reactions 


s điscussed in the previous section, a chemical reaction can be made to 

go faster by Increasine the concentration of the reactants or by increasing 
the temperature. Á third way to increase the rate of a reaction ¡is to add a cata- 
lyst, which ¡s any substance that increases the rate ofa chemical reaction by 
lowering its activation energy. The catalyst may participate as a reactant, but it 
1s then repenerated as a product and ¡s thus available to catalyze subsequent 
T€aCtIOIS. 

The conversion ofozone, Ô›, to oxygen, Ô›„ is normally sluegish because the 
reaction has a relatively high energy barrier, as shown in Figure 9.14a. Hlowever, 
when chlorine atoms act as a catalyst, the energy barrier is lowered, as shown in 
Eigure 9.14b, and the reaction is abÌe to procecd faster. 


Energy ————> 
Energy————> 


Reaction progress——————> —— Reaction progress——————> 
(a) Without catalyst (b) With chlorine catalyst 


(a) The relatively hiph energy barrier indicates that only the most energetic ozone 
molecules can react to form oxygen molecules. (b) Chlorine atoms lower the energy 
barrier, which means more reactant molecules have sufficient energy to form prod- 
uct. The chlorine allows the reaction to proceed in two steps, and the rwo smaller 
energy barriers correspond to these steps. (Note that the convention is to write the 
catalyst above the reaction arrow.) 
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| = Throughout the history of life on 
Earth there have been at least 
six major mass extinctions. The 
one that killed off the dinosaurs 
occurred about 6s million years 
ago and ït ¡is thought to have 
been the result of the ïmpact of 
a large asteroid. The largest 
mass extinction of them all, 
however, was the Ordovician 
mass extinction, which occurred 
about 4so million years ago. The 
cause of this mass extinction is 
uncertain, but scientists have 
recently demonstrated how this 
extinction may have been initi- 
ated by an intense burst of 
gamma rays produced by the 
explosion of a nearby star. A 
burst as short as 1O seconds 
could have led to the loss of the 
Earth's protective ozone layer, 
thereby exposing life on Earth 
†o dangerous ultraviolets rays 
from our sun. The probability of 
another nearby star exploding 
soon are quite small. Take a 

look around you, however. The 
sixth mass extinction is occur- 
rỉng right now and the cause is 
the rapid rise of the human 
population. 

MORE TO EXPLORE: 
WWW.uniiversetoday.com/am/ 
publish/grb_extinctions.html 
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Atomic chlorine lowers the energy barrler of this reaction by providing an 
alternate pathway involving intermediate reactlons, cach having a lower activa- 
tion energy than the uncaralyzed reaction. This alternate pathway involves two 
steps. Initially, the chÏorine reacts with the ozone to form chỈorine monoxide 
and oxygen: 


€l + O@y —š GIỎ + ©Ø, 


Chlorine Chlorine 


monoxide 


©zone Oxygen 


“The chlorine monoxide then reacts with another ozone molecule to re-form the 
chlorine atom as welÏ as produce two additional oxygen molecules: 


CÁO + OØ; —* GŒI + 3Ö, 
Chlorine 


monoxide 


O©zone Chlorine 


Oxygen 


Although chlorine ¡s used up in the ñrst reaction, it is regenerated ¡n the second 
reaction. Ás a result, there is no net consumption of chlorine. At the same time, 
however, a total of two ozone molecules are rapidÏy converted to three oxygen 
molecules. The chlorine is therefore a catalyst for the conversion of ozone to 
oxygen because the chlorine increases the speed of the reaction but is not con- 
sumed by the reaction. 

Chlorine atoms ¡n the stratosphere catalyze the destruction of EarthS ozone 
layer. As we explore further in Chapter 17, evidence tells us that chÏorine atoms 
are øenerated in the stratosphere as a by-product of human-made chlorofluoro- 
carbons (CFC5), once widely produced as the cooling fuid of refrigerators and 
air conditioners. Destruction of the ozone layer is a serious concern because of 
the role this layer plays In protecting us from the suns harmful ultraviolet rays. 
One chlorine atom ¡n the ozone layer, it is estimated, can catalyze the transfor- 
matlon o£ 100,000 ozone molecules to oxygen molecules in the Ì or 2 years 
before the chÏorine atom is removed by natural processes. 

Chemists have been able to harness the power of catalysts for numerous bene- 
ñcial purposes. The exhaust that comes from an automobile engine, for exam- 
ple, contains a wide assortment of polÏutants, such as nitrogeen monoxide, 
carbon monoxide, and uncombusted fuel vapors (hydrocarbons). To reduce the 
amount of these pollutants entering the atmosphere, most automobiles are 
equipped with a cz⁄2Ù//c cøzuerrer, shown in Eigure 9.15. Metal catalysts in a 
converter speed up reactions that convert exhaust pollutants to less toxic sub- 
stances. Nitrogen monoxide is transformed to nitrogen and oxygen, carbon 
monoxide is transformed to carbon dioxide, and unburned fuel is converted to 
carbon dioxide and water vapor. Because catalysts are not consumed by the reac- 
tions they facilitate, a sinele catalytic converter may continue to operate effec- 
tively for the lifetime of the car. 

Catalytic converters, along with microchip-controlled fuel-air ratios, have 
led to a significant drop ¡in the per-vehicle emission of pollutants. A typical 
car in 1960 emitted about I1 grams of uncombusted fuel, 4 grams of nitro- 
gen oxide, and 84 grams of carbon monoxide per mile traveled. An improved 
vehicle in 2000 emitted less than 0.5 gram of uncombusted fuel, less than 
0.5 gram of nitrogen oxide, and only about 3 grams of carbon monoxide per 
mile traveled. This improvement, however, has been offset by an increase in 
the number of cars being driven, exemplifed by the trafic jam shown ¡in 
Eigure 9.16. 

The chemical industry depends on catalysts because they lower manu- 
facturing costs by lowering required temperatures and providing greater prod- 
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_FIGURE 9.15 


Catalytic converter Tail pipe 


A catalytic converter reduces the 

_—_— .Ă_ 3 pollution caused by automobile 
reo? ẫ : exhaust by converting such 
harmful combustion products as 
NO, CO, and hydrocarbons to 
harmless N;, O;, and CO;. The 

catalyst is typically platnum, Dụ, 

Sỉ... ÊNG palladium, Pd, or rhodium, Rd. 
re E=> 


Hydrocarbon 
Before it reaches the catalytic converter, After it has passed through the 
the exhaust contains such pollutants catalytic converter, the exhaust 
as NO,CO,and hydrocarbons. contains water vapor, N›, O;,and CO›. 


uct yields without being consumed. Indeed, more than 90 per- 
cent ofalÏ manufactured goods are produced with the assistance 
of catalysts. Without catalysts, the price of gasoline would be 
mụuch higher, as would be the price of such consumer øoods as 
rubber, plastics, pharmaceuticals, automobile parts, clothing, 
and food grown with chemical fertilizers. 

Living organisms rely on special types of catalysts known as 
e/zJzes, which alÌlow exceedingly complex biochemical reac- 
tions to occur with ease. The nature and behavior of enzymes 
are discussed in Chapter 13. 


c& FIGURE 9.16 


How does a catalyst lower the energy barrier of a chemical reaction? The cxhaust from automobiles 
today ¡is much cleaner than 


before the advent of the catalytic 
converter, but there are many 
more cars on the road. In 1960, 
there were 70 million registered 
motor vehicles in the United 


*® o.s Chemical Reactions Can Be Either Exothermic ung on ca 
or Endothermic than 200 million. 


Was thỉs your answer? The catalyst provides an alternative and easier-to- 
achieve pathway along which the chemical reaction can proceed. 


s the preceding two sectlons have discussed, reactants must have a certain 
amount ofenergy in order to overcome the energy barrier so that a chem- 
IcaÌl reaction can proceed. Once a reaction is complete, however, there may be 
either a net release or a net absorption of energy. Reactons in which there is a 
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FIGURE 9.17 


For the chemical reactions taking 
- place in burning wood, there is a 
_ net release of energy. For those 
taking place in a photosynthetic 
plant, there ïs a net absorption of 
€nergy. 


net release of energy are called exothermic. Rocket ships liÍt ofÝinto space and 
campfires glow red hot as a result of exothermic reactlons. Reactions in which 
there 1s a net absorption of energy are called endothermic. Photosynthesis, for 
example, involves a series of endothermic reactions that are driven by the energy 
of sunlight. Both exothermic and endothermic reactions, iÌlustrated in Figure 
9.17, can be understood through the concept of bond energy. 

During a chemical reaction, chemical bonds are broken and atoms rearrange 
to form new chemical bonds. Such breaking and forming of chemical bonds 
involves changes in cnergy. As an analogy, consider a pair of magnets. Ïo sepa- 
rate them requires an input of “muscle energy.” Conversely, when the two sepa- 
rated magnets collide, they become slightly warmer than they were, and this 
warmth ¡is evidence ofenergy released. Energy must be absorbed by the magnets 
1ƒ they are to break apart, and energy is released as they come together. The same 
pñnciple applles to atoms. To puÏl bonded atoms apart requires an energy Input. 
WWhen atoms combine, there ¡is an energy output, usually in the form of faster- 
moving atoms and molecules, electromagnetic radiation, or both. 

The amount ofenergy required to pull two bonded atoms apart is the same as 
the amount released when they are brought together. This energy absorbed as a 
bond breaks or released as one forms ¡s called bond energy. Each chemical bond 
has its own characteristic bond energy. The hydrogen-hydrogen bond energy, 
for example, is 436 kilojoules per mole. This means that 436 kilojoules of energy 
is absorbed as l1 mole of hydrogen-hydrogen bonds break apart, and 436 kilo- 
joules ofenergy is released upon the formation of 1 mole oFhydrogen-hydrogen 
bonds. Different bonds involving different elements have different bond ener- 
gies, as Table 9.1 shows. You can refer to the table as you study this section, but 
please do not memorize these bond energies. Instead, focus on understanding 
what they mean. 

By convention, a positive bond energy represents the amount of energy 
absorbed as a bond breaks, and a negative bond energy represents the amount 
of energy released as a bond forms. Thus, when you are calculating the net 
energy released or absorbed during a reaction, youÏl need to be careful about 
plus and minus signs. Ít ¡s standard practice when do¡ng such calculations to 
assign a plus sign to energy absorbed and a minus sign to energy released. For 
Instance, when dealing with a reaction in which 1 mole of HH bonds are 
broken, youÏl write +436 kilojoules to indicate energy absorbed, and when 
dealing with the formation of 1 mole of H-H bonds, you Ïl write —436 kilo- 
Jjoules to indicate energy released. WeÌl do some sample calculations in a 
momenrt. 


TABLE 9.1 SELECTED BOND ENERGIES 


Bond Energy Bond Energy 
Bond (kJ/mole) Bond (kJ1/mole) 
lÌ—=H 436 @=@ 138 
RÌ—C 414 (6| 6| 243 
H—N 389 N—N 159 
IR==G, 464 N=O 631 
H—F s69 O=O 498 
H——CÌ 431 O=C 803 
biễ=S 339 N=N 946 
TC 347 c=c 837 


9.5 CHEMICAL REACTIONS CAN BE EITHER EXOTHERMIC OR ENDOTHERMIC 


Do all covalent single bonds have the same bond energy? 


Was thỉs your answer? Bond energy depends on the types of atoms bond- 
ïng. The H——H single bond, for example, has a bond energy of 436 kilojoules 
per rnole, but the H——O single bond has a bond energy of 464 kilojoules per 
mole. All covalent single bonds do not have the same bond energy. 


AN EXOTHERMIC REACTION INVOLVES A NET RELEASE OF ENERGY 

For any chemical reaction, the total amount of energy absorbed in breaking 
bonds ïn reactants ¡s always different from the total amount of the energy 
released as bonds form ¡in the products. Consider the reaction in which hydro- 
gen and oxygen react to form water: 


H—H+H—H+O=O —> HO. + `O 
H 


In the reactants, hydrogen atoms are bonded to hydrogen atoms and oxygen 
atoms are double-bonded to oxygen atoms. The total amount of energy 


absorbed as these bonds break ¡s 


Typeofbond Number ofmoles Bond energy Total energy 
H—H 2 +436 k]/mole +872 kJ 
O=O | +498 kJ/mole +498 kJ 


Total enereyabsorbed +1370 kJ 


In the products there are four hydrogen-oxygen bonds. The total amount of 
energy released as these bonds form is 


Typeofbond Number ofmoles Bond energy Total energy 
H—=C) 4 —464 k]/mole —1856 k] 


Total energy released —1856 kị 


EFor this reaction, the amount of energy released exceeds the amount oŸ energey 
absorbed. The net energy of the reaction ¡is found by adding the two quantities: 


net cnergy of reaction = enerey absorbed + energy released 
+1370 kJ + (—1856 k]) 
= -486 k] 


II 


The negative sign on the net energy indicates that there is a net 7£/Zs£ ofenergy, 
and so the reaction ¡is exothermic. For any exothermic reaction, energy can be 
considered a product and ¡s thus sometimes included after the arrow of the 
chemical equation: 


2H;+O; —> 2H;O + energy 


In an exothermic reaction, the potential energy of atoms ¡in the product mol- 
ecules is lower than their potential energy In the reactant molecules. Thịs ¡s ¡lÏus- 
trated in the reaction profile shown in Figure 9.18 on page 310. The potential 
energy of the atoms ¡s lower in the product molecules because they are held 
more tightly together. Thịs is analogous to two attracting magnets, whose 
potential energy decreases as they come closer together. The Ìoss of potential 
energy ¡is balanced by a gain in kinetic energy. Âs two free-foating magnets 


. T mus† supply energy †o 
†hese mogne†s in order 
Ì †o pull Them opur†. 


Enerqy is released 
when They come †oge†herl 
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(#I6UBE se 
In an exothermic reaction, the 
product molecules are at a lower 
potential energy than the reac- 
tant molecules. The net amount 
of energy released by the reaction 
¡s equal to the difference in 
potential energies of the reactants 
and products. 


_ FIGURE 9.19 


A space shuttÌe uses exothermic 
chemical reactions to lift off from 
Earth surface. 


Hydrogen, 2402 Bậc 


® 


ad 6e°søseẲSvsels6seS©snse se 16 .... Water, 


-486 kJ/mole 


Potential energy ———> 


Reaction progress————————> 


come together, they accelerate to hipher speeds. Similarly, as reactants react to 
form products, the potential energy of the reactants is converted to kinetic 
energy, which can take the form of faster-moving atoms and molecules, electro- 
magnetic radiation, or both. This kinetic energy ¡s the energy released by the 
reaction, and ¡t is equal to the difference between the potential energy of the 
reactants and the potential energy of the products, as is indicated in Eigure 9.18. 

Ít is important to understand that the energy released by an exothermic reac- 
tion 1s not created by the reaction. This is in accord with the #0 øƒfc072seruaf/ø 
Øƒex£zøy, which states that energy ¡s neither created nor destroyed in a chemical 
reaction. Instead, it is merely converted from one form to another. During an 
exothermic reaction, energy that was once in the form of the potential energy of 
chemical bonds ¡s released as the kinetic energy of fast-moving molecules and/or 
as electromagnetic radiation. 

The amounrt of energy released in an exothermic reaction depends on the 
amount oÊ reactants. The reaction of large amounts of hydrogen and oxygen, 
for example, provides the energy to lift the space shuttle shown in Eigure 9.19 
Into orbit. There are two compartments in the large central tank to which the 
orbiter ¡s attached——one filled with liquid hydrogen and the other with liquid 
oxygen. Upon ignition, these two liquids mix and react chemically to form 
water vapor, which produces the needed thrust as ir is expelled out the rocket 
cones. Addidonal thrust is obtained by a pair of solid-fuel rocket boosters con- 
taining a mixture oŸ ammonium perchlorate, NH„ClO,, and powdered alu- 
minum. Upon ignition, these chemicals react to form products that are expelled 
out the back of the rocket. The balanced equation representing this reaction is 


3 NH„ClO,+3AI —> Al;O; + AICI; + 3 NO + 6 H;O + energy 


Where does the net energy released in an exothermic reaction go? 


Was this your answer? This energy goes into making atoms and molecules 
mnove faster and/or into the formation of electromagnetic radiation. 


AN ENDOTHERMIC REACTION INVOLVES A NET ABSORPTION 

OF ENERGY 

Many chemical reactions are endothermic, such that the amount of energy 
released as products form is /s than the amount of energy absorbed ¡in the 
breaking of bonds in the reactants. An cxample ¡s the reaction of atmospheric 
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nitrogen and oxygen to form nitrogen monoxide, which ¡s the same reaction 
used for many of the discussions earlier in this chapter: 


N=N+O=O > N=O+N=O 


The amount of energy absorbed as the chemical bonds in the reactants break is 


Typeofbond Number of moles Bond energy Total energy 
NEN l +946 k]/mole +946 k] 
O=O | +498 k]/mole +498 k] 


Totral enerey absorbed +1444 k] 


The amount ofenergy released upon the formation ofbonds in the products is 


Typeofbond Number ofmoles Bond energy Total energy 
N=O 2 —631 kJ/mole -1262 kJ 


Total energy released —1262 kJ 
As before, the net energy of the reaction is found by adding the two quantitics: 
net enerpy of reaction = energy absorbed + energy released 


+1444 k] + (—1262 kJ) 
+182 kJ 


The positive sign indicates that there is a net 2ðz2z277ø7 of energy, meaning the 
reaction ¡is endothermic. For any endothermic reaction, energy can be consid- 
ered a reactant and ¡s thus sometimes included before the arrow of the chemical 
equation: 


energy+N;+(O; —> 2NO 


In an endothermic reaction, the potential energy of atoms in the product 
molecules is higher than their potential energy in the reactant molecules. This is 
illustrated in the reaction profile shown in FEigure 9.20. Raising the potential 
energy of the atoms in the product molecules requires a net input of energy, 
which must come from some external source, such as electromagnetic radiation, 
electricity, or heat. Thus, nitrogen and oxygen react to form nitrogen monoxide 
only with the application of much heat, as occurs adjacent to a lightning bolt or 
in an internal combustion engine. 


Nitrogen monoxide, 


+3 


Nitrogen, Oxygen, 
N; O; 


+182 kJ/mole 


Potential energy ——> 


Reaction progresS ————————> 


FIGURE 9.20 


In an endothermic reaction, the 
product molecules are at a hipher 
potential energy than the reac- 
tant molecules. The net amount 
of energy absorbed by the reac- 
tion ¡s equal to the difference in 
potential energies of the reactants 
and products. 
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WARMING AND COOLING WATER MIXTURES l 


ecall from Section 7.1 that chemi- 

cal bonds and intermolecular 

attractions are both conse- 
quences of the electric force, the dif- 
ference being that chemical bonds 
are generally many tỉmes stronger 
than molecule-to-molecule attrac- 
†tions. So, just as the forrnation and 
breaking of chemical bonds involves 
energy, so does the formation and 
breaking of molecular attractions. For 
molecule-to-molecule attractions, 
the amount of energy absorbed or 
released per gram of material is rela- 
tively small. Physical changes involv- 
ïng the formation or breaking of 
molecule-to-molecule attractions, 
therefore, are much safer to perform, 


a Hands-On Chemistry activity. Expe- 
rience the exothermic and endother- 
mic nature of physical changes for 
yourself by performing the following 
†wo activities. 


1. Hold some room-temperature 
water ïn the cupped palm of your 
hand over a sink. Pour an equal 
amountt of room-temperature 
rubbing alcohol into the water. Is 
this mixing an exothermic or 
endothermic process? Whats 
goïng on at the mmolecular level? 


2. AddTukewarm water to two plas- 
tic cups. (Do not use insulating 
Styrofoam cups.) Transfer the liq- 
uid back and forth between cups 
†o ensure equal temperatures, 


of water in each cup. Add several 
tablespoons of table salt to one 
cup and stir.What happens to the 
temperature of the water relative 
†o that of the untreated water? 
(Hold the cups up to your cheeks 
to tel].) Is this an exothermic or 
endothermic process? What's 
goïng on at the mmolecular level? 


which makes them mơre suitable for 


ending up with the same amount 


® o.6 Entropy ls a Measure of Dispersed Energy 


nergy tends to disperse. It fÏows from where it is concentrated to where it is 
spread out. The energy ofa hot iron pan, for example, does not stay con- 
centrated in the pan once the pan is taken of the stove. Instead, the energy dis- 
p€rses away from the pan and ¡nto the cooler surroundings. Similarly, the 
concentrated chemical energy found in gasoline disperses into the heat of many 
smaller lower-energy molecules upon combustion. Some of this heat is used by 
the engine to get the car moving. The rest spreads into the engine block, radiator 
Ruid, or out the exhaust pipe. 

Scientists consider this tendency of energy to disperse as one of the central 
reasons for physical and chemical processes. Ín other words, processes that result 
¡n the dispersion of energy are self-sustaining—they are favored. This includes 
the cooling down ofa hot pan and the burning of gasoline. The opposite holds 
true, too. Processes that result in the concentration of energy are going against 
natures tendency to disperse energy and they are not favored. Heat from the 
room, for example, wilÏ not spontaneously move back into the pan to heat it up. 
Likewise, the lower-energy molecules in the cars exhaust wont on their own 
come back together to re-form the higher-energy gasoline molecules. The natu- 
ral How of energy 1s always a one-way trip from where it ¡s concentrated to 
where it is less concentrated or “spread out.” 

Entropy is the term we use to describe this natural spreading ofenergy. Applied 
to chemistry, entropy heÏps us to answer a most fundamental question: Ifyou take 
two materials and put them together, wilÏ they react to form new materials? If the 
reaction results in an overalÏ Increase in entropy, then the answer Is yes. Conversely, 
If the reaction results in an overall decrease in entropy, then the reaction wilÏ not 
occur by itselF—energy must be supplied ro allow the formation ofproducts. 


ƒ A quick woy †o 
de†ermine whe†her or 
no† a reacTion miqh† 
be favorqble is 
†O qssess 
WheTther the 
reocfion leads 
†o an overall 
increose or 
decreose In 
en†ropy. 


Becquse i† is †he na†ural 
†endency for energy †o 
disperse, a reoc†ion †ha† 
leads †o an increase in 
en†tropy wil likely occur, 
While a reocfion †he leods 
†o a decreose in en†ropy 
wWill noŸ likely occur 
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How then do we ñgure out whether a chemical reaction results in an increase 
or decrease In entropy? There are two main considerations. First, we must con- 
sider the energy contained within the reacting substances. Second, we need to 
look at whether the reaction irself is exo- or endorhermic. After these rwo con- 
siderations, we are empowered to assess entropy changes, which helps us to 
determine the likelihood of the reaction. 


SUBSTANCES CONTAIN DISPERSED ENERGY 


WWhen energy disperses ¡r always moves from a substance of higher temperature 
to one of lower temperature. Think carefully and yoưll realize that the energy 
contained within any substance was at some point dispersed into it. Measure the 
total amount oŸ energy ¡n this substance and you have an inventory of how 
much energy was dispersed (measured by entropy) to bring this substance from 
absolute zero to its present temperature. Scientists standardize the entropy ofa 
substance by measuring the energy within the substance and dividing by its 
absolute temperature. The absolute temperature scale is used because, as dis- 
cussed in Section 1.6, ít is directly related to the motions of atoms and mole- 
cules. The standard temperature used ¡s 298 K, which ¡s 25°C. 


standard entropy = energy dispersed into a substance from 0 K to 
298 K divided by 298 K = energy/temperature = ]/K 


Eor the same temperature, different substances have differing entropies, as is 
shown in Table 9.2. Note that entropy 1s commonly represented by the letter Š 
and is øiven in units ofenergy (Joules) divided by absolute temperature (kelvins). 


TABLE 9.2 PER MOLE STANDARD ENTROPIES OF SELECTED SUBSTANCES 
AT 298 K (25°C) 


Substance Entropy, Š (J/K) 
Propane, C.H;(g) 269.9 
Ammonium nitrate,NH„NO.(aq) 2s9.8 
Nitrogen đioxide, NO,(g) 240.1 
Ethane, C,H¿(g}) 229.6 
Carbon dioxide, CO,(g) 213.7 
Oxygen,O.(g) 205.1 
Ammonia, NH.(g) 192.5 
Nitrogen,N.(g) 191.6 
Water, H,O(g) 188.8 
Methane, CH,(g) 186.3 
Argon, Ar(g) 154.7 
Ammonium nitrate,NH,„NO. (s) 151.1 
Hydrogen, H,(g) 130.7 
Methanol, CH. OH() 126.8 
Sodium chloride, NaCl(aq) 115.5 
Hydrogen, H(g) T14.7 
Sodium chloride, NaCl(s) 72.4 
Water, H,O(9) 69.9 
Water, H,O (s) 44.6 


Carbon, C(s, graphite) GỢ/ 
Carbon, C(s, diamond) 2.4 


ENTROPY IS A MEASURE OF DISPERSED ENERGY 
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= Standard entropy and specific 


heat decribe the same thỉng, 
which ïs the abilïty of a sub- 
stance to absorb heat. It should 
come as no surprise, therefore, 
that they are both expressed in 
units of energy divided by mmass 
†imes temperature. The main dif- 
ference ïs that standard entropy 
measures the heat absorbed 
from absolute zero to 298 K, 
whereas specific heat measures 
the heat absorbed over a single 
degree. Also, standard entropy 
includes heat gained during 
changes in phase whereas spe- 
cific heat assumes no change ïn 
phase. 


|¡_ MORE TO EXPLORE: 


Section 8.5 of this textbook. 
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FIGURE 9.21 


The 12.0 grams of graphite 

(1 mole) and 58.5 grams of 
sodium chloride (1 mole) shown 
here are at the same temperature, 
298 K (25.0°C). The toral 
amount ofenergy they have 
absorbed to get from 0 K to this 
temperature, however, is much 
greater for the sodium chloride 
(S= 72.4 J/K) than for the 
graphite (S= 5.7 J/K). 


Pì 


ø In1go7,Einstein showed that at 
extremely low temperatures, the 
atoms ofa solid don't have suffi- 
cient energy to jump to the first 
quantized energy level, which ïs a 
relatively large jump. The solid, 
therefore, may be exposed to 
small increments of heat without 
any increase ïn thermal motion. 
This lowers the abilïty of the solid 
to absorb heat, which means that 
its entropy ïs also lower. For prac- 
tically all materials, this quantum 
effect onÌy occurs at extrernely 
low temperature. A dramatic 
exception is diamond, which 
because of this quantum effect 
resists the absorption of energy 
even at room temperature (Table 
9.2). Diamond is special for many 
reasons, includiïng ïts status as a 
room-temperature “quantum 
solid” 

MORE TO EXPLORE: 
A. Einstein,Ann. Phys. (Leïpzig) 22 
(18o),19O7. 
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In general, the higher the entropy value of a sub- 
stance, the more energy the substance contains for a 
given temperature, as illustrated in Figure 9.21. 

Some useful generalizations can be drawn from 
the data given in Table 9.2. Notice, for example, that 
gases tend to have more entropy than liquids, which 
tend to have more entropy than solids. The atoms (or 
molecules) ¡in solids only need enough energy to 
vibrate in their crystals at 298 K. More energy must 
be dispersed into a solid in order to break the attrac- 
tions between the particles to create a liquid in which 
the particles are free to move about. Similarly, liquid 
molecules still have attractions for one another, and 
so additonal energy must be dispersed into a liquid 
to break those attractions to form a gas. 

Also discernable from Table 9.2 is that entropy 
increases with ¡ncreasing molecular complexity. 
Consider, for example, the entropies of methane, CHÍ (186.3 J/K), ethane, 
©,H, (229.6 J/K), and propane, C:H; (269.9 ]/K). With a more complex mol- 
ecule there are a preater number of ways in which the molecule can twist and 
turn, which means a greater number of ways to absorb energy. 

Lastly, mixtures tend to have greater entropies than pure materials. The 
entropy ofliquid water, for example, ¡s 69.9 J/K and that of sodium chỉloride ¡s 
72.4 ]IK. Initially, you mipht think that the entropy ofa water and sodium 
chloride mixture might be the average of their two entropies. As the sodium 
chloride dissolves, however, it moves from a solid to an aqueous phase, which 
allows for a much greater freedom of movement, hence greater dispersal of 
energy. Sure enough, on a per-mole basis, the entropy of a sodium chloride 
aqueous solution is a much greater 115.5 J/K. 

Ín summary, entropy can be related to how well the atoms and molecules 
within a substance are able to move. Ñith a greater freedom of movement, more 
energy must be dispersed Into the substance to achieve a given temperaturc. 
WWhen we talk about the entropy ofa substance, therefore, we are mereÌy refer- 
ring to how much energy It must contain ¡in order to exist at a particular tem- 
perature. Substances with higher entropies are those that require more energy 
per mole. 


HECK | Ĩ 


Why does one mole of mmolecular hydrogen, H., have more entropy than one 
mnole of atomic hydrogen, H, at the same termperature. 


Was thỉs your answer? Molecular hydrogen, H,,ïs more complex than 
atomic hydrogen, which means that it has a greater number of ways ït can 
mnove. As a điatomic molecule, it can twirl like a batom, vibrate like a spring, 
and bounce around from one location to the next. Atomic hydrogen consist- 
ing of only a single atom, by contrast, can only bounce around. To get to the 
same temperature, the molecular hydrogen must absorb more energy so as 
†o allow for the additional types of movemernt. 


During a chemical reaction there ¡s a change in the identity of substances as 
reactants transform to products. If the sum of the standard entropies of the 
products is øreater than the sum of the standard entropies of the reactants, then 
there ¡s a net Increase in entropy and the reaction ¡s favored. The difference in 
entropies can be calculated using data such as is given in Table 9.2 by the same 
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sort of method developed in Section 9.5 for calculating whether a reaction is 
exo- or endothermic. A few such entropy calculations are included at the end of 
this chapter. However, for the goals of this textbook, it suÍÍices to assess entropy 
changes qualitatively using the three generalizations provided earlier: (1) gases 
have more entropy than liquids, which have more entropy than solids; (2) 
entropy increases with molecular complexity; and (3) mixtures have more 
entropy than pure materials. Consider the following examples, which discuss 
the reasoning behind predicting whether there is more entropy present within 
the products or reactants: 


EXAMPLE †1 
H@) + H(g) —> H;Œ) 


Three molecules in the gaseous phase are transforming to two molecules in the 
liquid phase. There ¡s less freedom of motion (less motional energy) within the 
Products for at least two reasons: (1) there are fewer molecules among which 
the energy can be spread out and (2) these product molecules are in the liquid 
phase compared to the gaseous phase of the reactants. The reactants, therefore, 
have a greater total entropy value than the products. According to these ideas, 
this reaction should øzø# be favorable. 


EXAMPLE 2 
H;@œ) + H;Œœ) ap O©,(g) = H,O() nơ H,O(0) 


Molecular hydrogen, H;, is more complex than atomic hydrogen, H,, and so it 
probably should have a greater standard entropy and it does (130.7 J/K versus 
114.7 J/K, respectively). Notice, however, that there are two atomic hydrogen 
reactants, so the total entropy for the reactants is actually greater (114.7 J/K x 
2 = 229.4 J/K) than that ofa single mole of Hạ. Think oỂit this way: the two 
separate hydrogen atoms of the reactants are more Íree to move around than 
they are when bound together within a sinele molecule of the product. The 
reactants, therefore, have a greater total entropy value than the products. 
According to these ideas, this reaction should zø¿ be favorable. 


EXAMPLE 3 
NH„NO;@) —> NH/Ï(aq)+ NO; (aq) 


Thịs equation represents the formation ofan aqueous solution of the saÏt ammo- 
nium nitrate, NH„NOš, a widely used feruilizer. The product ions haye much more 
freedom oŸmovement when dissolved in water than they do when bound together 
within the pure solid. With this greater freedom of movement they are able to 
absorb more dispersed energy. The products, therefore, have lareer entropy totals 
than the reactants. According to these ideas, this reaction should be favorable. 


HEATS OF REACTION AFFECT ENTROPY 
According to Example 1, hydrogen atoms should øøzjoin to become hydrogen 
molecules on their own. Ñe do not yet, however, have the whole story. Although 
we have considered the quantities ofenergies products and reactants have within 
them, we have yet to consider the energy released or absorbed as bonds break or 
form during the reaction. This is the heat of reaction that in Section 9.5 you 
learned to calculate by comparing the bond energies of the reactants and products. 
The formation of molecular hydrogen, H›, involves the formation ofchemical 
bond:. Ít ¡s exothermic, releasing 436,000 J per mole of H; formed.* Divide this 


*When considered from the point of view o£ the chemical reaction, this is =436,000 J, where the 
minus sign indicates energy is /øs¿ #y z#£ reacrZøn. Here we are looking at the energy @2/e4l by be sui- 
zø12z⁄l724s, which we speclfy as +436,000 ]. 


| mpor†an† concep†s because 


Í These are heavy, bu† ul†ima†ely 


†hey describe whe†her or no† 
a chemical reac†ion will occurl 
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¡ = An interesting example of Case II 
1s the transformation of atomic 
hydrogen, 2 H,into molecular 
hydrogen,H,, discussed in 
Example 1. This reaction can be 
sustained onÌy when ïts sur- 
roundings are less than about 
41o©°C. At higher temperatures, 
the greater entropy of the reac- 
tants predominates and the reac- 
tion is not favorable. So although 
the sun contains massive 
amourntts of hydrogen, very little 
ofït is in the molecular form, H;. 
Why? Because at sun-hot tem- 
peratures energy is better dis- 
persed when the hydrogen 
remains ïn ïts atomic form, 2 H. 


lög8b£-i 
ch 


Cooling the reaction vessel of an 
exothermic reaction favors the 
dispersal of the reaction§ energy, 
which, in turn, favors the forma- 
tion of products. This technique 
1s particularly important when 
the products of the exothermic 
reaction have less entropy than 
the reactants. 


AN OVERVIEW OF CHEMICAL REACTIONS 


TAB LE 9.3 PREDICTING WHETHER THE PRODUCTS OF A REACTION 
2 TEẠO ARE FAVORED 
Entropy of Products 
(compared to reactants) Heat of Reaction Product Favored? 
Case Ì Creater Exothermic Yes 
Case lÍ Less Exothermic Depends, but product is generally 
favored at lower temperatures 
Caselll  Greater Endothermic Depends, but product is generally 
favored at higher termperatures 
CaselV  Less Endothermic No 


energy by a temperature of 298 K and you have an entropy Increase of + 1463 
]/K, which far exceeds the entropy decrease (130.7 J/K— 229.4 J/K =—98.7 ]/K) 
resulting from the change in how atoms are organized. Ín being exothermic, this 
reaction spreads energy out to the environment. This fact indicates to us that 
hydrogen atoms s2øz/⁄ react to form hydrogen molecules. So we have two com- 
peung entropies: one in which less energy ¡is dispersed to the product hydrogen 
molecules and one involving much energy dispersed to the surroundings. Which 
dominates? As illustrated here, the onÌy sureire way to predict is through calcula- 
tions. Nonetheless, by now you should be able to qualitatively weigh the various 
factors as shown in Table 9.3. 

Most exothermic reactions are generally favored because they disperse rela- 
tively larøe amounts of energy into the environment. Ñhen the entropy of the 
products is preater than the reactants (as determined from data as in Table 9.2), 
then we have a reacuon ¡in which the products are deRnitely favored (Case l). 
The reaction works! If the products, however, have Ïess entropy (Case II), then 
the trick to favoring product formation is to run the reaction at a relatively low 
temperature as shown ¡in Eigure 9.22. This maximizes the entropy from the heat 
of reaction because entropy ¡s equal to the heat divided by the temperature. If 
you divide the heat by a lower temperature, then the resulting entropy change 
(energy dispersion) Is maximized, as depicted in Figure 9.23. 


A freshly baked pie is pulled out of a hot oven. Where do you place this pie to 
Tmaximize the dispersal of its energy? 

a. Backinto the oven 

b. On the kitchen countertop 

c. Outside on a cold winter's day 


Was thỉs your answer? Put the pie back into the oven and none ofthe 
motional energy of ïts molecules will be transferred to its hotter surround- 
ings. To maximize the dispersal of ïts energy, you place the pie outside where 
the temperature is the ]lowest. The greater the temperature difference, the 
greater will be the change in entropy. 


Endothermic processes are common in our everyday experience. Examples 
include the melring of ice cubes in a gÌass of water, or the evaporation of sweat 
from our skin. In these cases, the greater entropy of the products favors the uti- 
lization ofenergy to allow these processes to occur (Case III). A dramatic exam- 
ple ¡s a chemical cooling pack that contains a salt (usually ammonium nitrate, 


9.6 ENTROPY lSA MEASURE OF DISPERSED ENERGY 317 


ị FIGURE 9.23 
AHeat _ 


NH,NO;). These packs are acuvated by a quick punch, which breaks an Inner 
seal allowing the salt to mix with fresh water. Às the salt dissolves, energy Is 
absorbed in a number of ways, including the breaking apart of the ionic bonds 
of the salt. You should understand that the energy-absorbing bond breaking 
occurs only because the resulting new arrangment ofammonium and nitrate 
lons in solution has a greater entropy——a greater dispersion ofenergy. The result 
is a rather pronounced cooling effect, sufficient enough to alleviate the swelling 
ofan injured anklÌe. 

Perhaps most interesting are endothermic reactions that result in products of 
less entropy (Case IV). What is notable about these reactions ¡s that they will 
not occur on their own without the continued input of energy. Also, the prod- 
ucts Of these reactions can be complex molecules. The classic example is photo- 
synthesis, which ¡s the biochemical reaction by which plants use solar energy to 
create carbohydrates and oxygen from carbon dioxide and water, as represented 
by the following equation: 


sunlipht + 6 CO,(g) +6 H;O(g) —> C/H;;O,(s) + 6 O;(g) 


Through photosynthesis, energy dispersed from the sun becomes contained 
within the carbohydrate and oxygen products, which, of course, are the primary 
fuels of living organisms. Likewise, most modern materials—such as pÏastics, 
synthetic fñbers, pharmaceuticals, fertilizers, and metals, including elemenral 
iron, aluminum, and siÏicon—are created using endothermic reactions that 
require a continued source ofenergy. CQur ability to create these new and useful 
materlals has been the hallmark of chemistry. 


THE LAWS OF THERMODYNAMICS 


In this and the previous section, we have focused on the role energy plays in 
chemical reactions. This is an area of science known as thermodynamics, which 
stems from Greek words meaning “movement of heat.” The concepts we 
addressed, such as exothermic and endothermic reactions and entropy, fit neatÌy 
in the laws of thermodynamics, which are paraphrased as follows: 


1. Energy is conserved. Ít may be converted from one form to another, say 
from potential to kinetic energy, but the total amount of energy in the uni- 
verse is constant. The energy that an exothermic reaction releases always 
goes somewhere in the environment, usually ¡n the form of thermal energy 


(heat). 


2. Any process that happens by itself results in the net dispersal of energy. The 
degree of energy dispersal is measured by entropy, which continuously 
Increases because the universe is fulÏ of processes that continue to occur alÏ on 
their own. 


Students often state the laws of thermodynamics this way. You cant win 
because you cant get any more energy out ofa system than you put into ¡t. You 
can break even because no matter what you do, some of your energy will be lost 
as ambient heat. Lastly, you cant get out of the game because you depend on 
entropy-increasing processes, such as solar nuclear fusion or cellular respiration, 
to remain alive. 


= = | There is a preater change in entropy, A5, when heat is released to a region 
tt ai Tem p ị oflower temperature (represented by smaller letters) than when the same 
... amount o£ heat is released to a region of higher temperaturc. 


FIGURE 9.24 


Some of the suns dispersed 
energy is used to drive endother- 
míc reactions that allow for the 
functioning ofÏiving orpganisms. 


318 CHAPTER9_ AN OVERVIEW OF CHEMICAL REACTIONS 


FIGURE 9.25 


Magtc ¡s in the eye of the 
beholder. 


"—.. 


The life ofa photosynthetic plant involves numerous energy-dependent 
steps. Decide whether each of the steps shown here results in a net increase 
| or decrease ïn entropy. 
1. Solar thermonuclear fusion transforms hydrogen into helium. 
2. Sunlight strikes a growing plant surrounded by carbon dioxide, water, 
and other necessary nutrients. 
z. The mature plant dies within a brush fire. 


Was thỉs your answer? 

1. Solar thermonuclear fusion is very exothermic, resulting in astronomi- 
cally large increases in entropy. 

2. The chemical products of photosynthesis have ]ess entropy than đo the 
reactants. Photosynthesis itself, therefore, results in a decrease in entropy. 
This decrease, however, is localized to the chemical products (carbohy- 
drates and oxygen)). 

3. The decrease in entropy produced by photosynthesis is only temporary. 
Sooner or later, the carbohydrates and oxygen will react exothermically 
(by a brush fire or by slow decomposition), thereby dispersing the solar 
energy (chemically captured upon their formation) back into the environ- 
mnent ultimately as heat. 


* In Perspective 


hemical reactions are truly the heart of chemistry, and their applications 
abound. For instance, the magician in Figure 9.25 has just ignited a sheet 
of nitrocellulose, also known as flash paper. In a moment, it wilÍ appear to haye 
vanished. You know from the law of mass conservation, however, that materials 
dont simply vanish. Rather, they are transformed into new materials. Some- 
times we cant see the new materials, but that doesnt mean they dont exist. Qne 
of the reactions that occur as fash paper burns is 


4 CH„N.O,¿(s) + 19 O„(g)—> 24 CO,(g) + 20 NO,(g) + 14 H„O(g) 


A component of Oxygen Carbon Nitrogen NWater 
nitrocellulose dioxide dioxide 


The equation shows 24 carbon, 28 hydrogen, 20 nitrogen, and 102 oxygen 
atoms before and after the reaction. The difference ¡s in how these atoms are 
groupcd together. The products formed in this case are all gaseous materials that 
quickly mix into the atmosphere, escaping our notice. 

To make the flash paper, the magician would have had to mix the starting mate- 
rials cellulose and nitric acid. He could determine the proper proportions by know- 
¡ng the formula masses of these two substances. And although the Hash paper may 
be bathed In an atmosphere ofoxygen, it wilÏ not react with the oxygen untiÍ an ini- 
tial amount ofenergy (from the spark ofthe magicianS lighter) is provided to over- 
come the energy barrier. e know the burning of flash paper is exothermic because 
the amount of energy released as product bonds form ¡s greater than the amounr 
absorbed as reactant bonds break. Also, because this reaction, once ignited, pro- 
cccds on its own, we know this reaction results in a dispersal of energy, which 
means an increase in entropy. The energy released is in the form of lipht and faster- 
moving molecules, which ¡s why the air where the fash paper once was Is now 
appreciably warmer. No true magic is involved, but it is enchanting all the same. 


KEY TERMS 


Chemical equation A representatlon ofa chemical 
r€actIon. 


Reactant A starting material in a chemical reaction, 
appearing before the arrow in a chemical equation. 


Product A new material formed in a chemical 
reaction, appearing after the arrow ¡n a chemical 
equation. 


Coefficient A number used in a chemical equation to 
indicate either the number ofatoms/molecules or the 
number of moles ofa reactant or product. 


Formula mass The sum of the atomic masses of the 
atoms in a chemical compound or elemenr. 


Avogadros number The number of particles— 
6.02 x 10?—contained in 1 mole ofanything. 


Molar mass The mass of 1 mole ofa substance. 


Reaction rate A measure of how quickly the 
concentration of products in a chemical reaction 
increases or the concentration of reactants decreases. 


Activation energy The minimum energy required in 
order for a chemical reaction to proceed. 


Catalyst Any substance that increases the rate ofa 
chemical reaction without itself being consumed by 
the reaction. 


CHAPTER HIGHLIGHTS 


CHEMICAL REACTIONS ARE REPRESENTED 
BY CHEMICAL EOUATIONS 


1. What is the purpose of coefficients in a chemical 
equation? 


2. How many chromium atoms and how many oxygen 
atoms are indicated on the ripht side of this balanced 
chemical equation: 


4á Cr(s) + 3O;(g) —> 2Cïr;O;(g) 
3. What do the letters (s), (), (g), and (aq) stand for in 


a chemical equation? 


4. Why 1s it important that a chemical equation be 
balanced? 


5. Why is it important never to change a subscript in a 
chemical formula when balancing a chemical equatlon? 
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Exothermic A term that describes a chemical reaction 
in which there is a net release of energy. 


Endothermic A term that describes a chemical 
reaction in which there ¡s a net absorption of energy. 


Bond energy The amount of energy either absorbed 
as a chemical bond breaks or released as a bond 
forms. 


Entropy The term used to describe the idea that 
energy has a natural tendency to disperse. Ít is the 
total amount of energy in a øiven amount of 
substance divided by the substance absolute 
t€emperaturc. 


Standard entropy The total amount ofenergy ¡in a 
øiven amount of substance at 298 K divided by the 
substanceS absolute temperature, also 298 K. Note 
carefully that an obJect may “contain” energy, but not 
entropy. Standard entropy 1s the description of how 
much £7zey has been dispersed into a substance in 
order for it to have a temperature of 298 K. 


Thermodynamics An area of science concerned with 
the role energy plays in chemical reactions and other 
energy-dependent processes. 


CHEMISTS USE RELATIVE MASSES TO COUNT 
ATOMS AND MOLECULES 


6. Why don equal masses of golfballs and Ping-Pong 
balls contain the same number of balls? 


7. Why dont equal masses of carbon atoms and oxygen 
molecules contain the same number of particles? 


8. What ¡s the mass ofa sodium atom in atomic mass 
unIts? 


9. Ñhat ¡s the formula mass of nitrogen monoxide, 
NO, in atomic mass units? 


10. Ifyou had I mole of marbles, how many marbles 
would you have? 


11. Ifyou had 2 moles of pennies, how many pennies 
would you have? 
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12. How many moles oŸwater are there in 18 grams of 
Water? 


13. How many molecules oŸwater are there in 18 
grams of water? 


14. Why ¡s saying you have 1 mole ofwater molecules 
the same as saying you have 6.02 x 10” water molccules? 


REACTION RATE IS INFLUENCED 
BY CONCENTRATION AND TEMPERATURE 


15. Why dont all collisions between reactant molecules 
lead to product formation? 


16. What generally happens to the rate oFa chemical 
reaction with Increasing temperature? 


17. Which reactant molecules are the Íirst to pass over 
the energy barrier? 


18. What term ¡s used to describe the minimum 
amount ofenergy required in order for a reaction to 
proceed? 


CATALYSTS INCREASE THE RATE OF CHEMICAL 
REACTIONS 


19. What catalyst ¡s effective in the destruction of 
atmospheric ozone, ©;? 


20. What is the purpose ofa catalytic converter? 


21. What does a catalyst do to the energy barrier oFa 
reactIlon? 


22. What net effect does a chemical reaction have on a 
catalyst? 


23. Why are catalysts so Important to our economy? 


CHEMICAL REACTIONS CAN BE EITHER 
EXOTHERMIC OR ENDOTHERMIC 


24. If¡t takes 436 kilojoules to break a bond, how 
many kilojoules are released when the same bond ¡s 
formed? 


25. Is there any energy consumed at any time during an 
exothermic reaction? 


26. What is released by an exothermic reaction? 


27. What is absorbed by an endothermic reaction? 


ENTROPY IS A MEASURE OF DISPERSED ENERGY 
28. As energy disperses, where does It go? 
29. hat are the units of entropy? 


30. Which ¡s usually greater, the entropy change that 
arises from the heat of the reaction or the entropy 
chanøge that occurs as reactant molecules transform into 
product molecules? 


31. ® Balance these equatlons: 


H.. Ngljt_. (1U) = + _ E6 LMN) 
b._  _,HH¿Ẳœ“)?, _ Nà) =*.. TH) 
€._._ ©lf)+ __—_ Khiệa) —> 


_ Br(+_ — KClaq) 
d._ _ CHu„m+_ —_ O;(g) == 
— cO,j@+ — H,Ớ() 


32. ® Balance these equations: 


ằ.._ _ F€J+1.. SỤ) —Ỳ*..... Hạ) 
b_._ lu: , l0) — `. liiạÐ) 
c.__—NQÈ)+_ _ CLu) => _ _—_— NÓOCI() 
d._ — SiCL(@)+_— Mg(s) —> 


SiS)+_—— MgCl(s) 
33. ® Is the following chemical equation balanced? 

2 CH¡o() + 13 O,(g) —> 8CO¿(@g) + 10 H;O(0) 
34. 8L Is the following chemical equation balanced? 


4 C2H;N;O;¿(6s) + 19 O;(g) —> 24 CO;(g) 
+20 NO;@) + 14 H;O(g) 


¬ = . 
.e k0 0S: cay xổ. Ai kIyE: 
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35. ® Which equations are balanced? 


a. Mg(s) + 2 HClíaq) —> MgCl;(aq) + H;Œ) 
b. 3 Al(s) + 3 Br;(@ —> Al;Br;() 
c.2HgO@) —> 2 Hg() + O¿(g) 


Ue the ƒollotuing iÍÍustrati0mt to arist0er exercrses 36—39. 


36. 4 Is this reaction balanced? 


37. ® How many diatomic molecules are 
represented? 


38. ® 'There ¡s an excess of at least one of the reactant 


molecules. Ñ/hich one? 
= 
a. b. C. e. 


39. # Which equation best describes this reaction? 


m3 Ấ, + XICH, +, —+ SUDBA,«2Clj 
b.3.AB,+2CÐ0Au+l: => 2C2lz+ DHÀ 
E.ZAB, +2 CDAÁ¿+áu =* 2DBA/ t2 CÁa 
l2 BÀ, +5 DCAÁ 3À, —+ ĐUBAu+L2 CÁ, 


40. ® The reactants shown schematically on the left 
represent methane, CH¿, and water, H;O. Ñrite out 
the full balanced chemical equation that ¡s depicted. 


kì 
d. 


3» 
$ 


41. ® The reactants shown schematically on the left 
represent iron oxide, FezO;, and carbon monoxide, 
CO. Write out the full balanced chemical equation that 
is depicted. 


e5 3 s 
% : 5 ¿z h 
b 
# 3 e9® 


42. 8 One trick-of-the-trade to balancing chemical 
equations is to use a Íraction as a coeflicient so long as 
you get rid of this fraction in your ñnal step by multi- 
ply¡ing the entire equation by the denominator of the 
fraction. You might use 1/2 ©;, for example, to Indi- 
cate a single oxygen atom. To get rid of this fraction, 
you would need to multiply cach coeflicient (Including 
the 1/2) by two. Use this technique to balance the fol- 


lowing chemical reaction: 
_— — Na¿3O +  Đc =*,  —- Na) 


43. 8 WWhat are the formula masses of water, H;O, 
propene, C;H¿, and 2-propanol, C,H;O? 


44. 4 What ¡s the formula mass of sulfur dioxide, SO»;? 
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45. ® Which has more atoms: 17.031 grams ofammo- 
nia, NH, or 72.922 prams of hydrogen chloride, HCI? 


46. ® Which has more atoms: 64.058 grams ofsulfur 
dioxide, SỐ¿, or 72.922 grams oÊhydrogen chỈoride, 
HGI 


47. $ Which has the reatest number of molecules: 


a. 28 prams of nitrogen, N; 
b. 32 grams ofoxygen, ©„ 

c. 32 prams of methane, CH¿ 
d. 38 grams of fuorine, F; 


48. $ Which has the greatest number ofatoms: 


a. 28 prams of nitrogen, N2 
b. 32 prams of oxygen, Ò„ 

c. l6 grams of methane, CH¿ 
d. 38 grams of fuorine, F„ 


49. 8. Hydrogen and oxygen always react In a l:8 ratio 
by mass to form water. Early Investigators took this to 
mean that oxygen was cipht times more massive than 
hydrogen. What did these investigators assume about 
water s chemical formula? 


50. ® Two atomic mass units equal how many 
grams? 


51. ® WWhat ¡is the mass ofFan oxygen atom in atomic 
mass unIts? 


52.@ Nhat ¡s the mass ofa water molecule In atomic 
mass unIts? 


53. 4 What ¡is the mass ofan oxygen atom in grams? 
54. 4 What is the mass ofa water molecule in ørams? 


55. Ef Is it possible to have a sample ofoxygen that has 
a mass of l4 atomic mass units? Explain. 


56. ® Which is greater: l.01 atomic mass units of 
hydrogen or 1.01 grams ofhydrogen? 


57. ® Which has the greater mass, 1.204 < 10”“ mole- 
cules of molecular hydrogen or 1.204 x 10”“ molecules 
Of water? 


58. #' You are given two samples of elements, and each 
sample has a mass of 10 grams. If the two samples con- 
tain the same number ofatoms, what must be true of 
the two samples? 


59. How many grams of gallium are there in a 


145-gram sample of gallium arsenide, GaAs? 


60. 4 How many atoms of arsenic are there in a 


145-gram sample of gallium arsenide, GaAs? 


61. ® How does formula mass difer from atomic 
mass? 


62. 4 How ¡s it possible for a jet airplane carrying 
110 tons of Jet fuel to emit 340 tons of carbon dioxide? 
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63. ® Three identical candles are placed in the Jars 
shown and lít at the same time. Jar x is left open while 
jars yand zare sealed with lids. The candle in which Jar 


øoes out frst? Why? 


X y Z 


64. 8 Two candles of the same mass, one wide and 
short and the other thin and tall, are placed in identical 
Jars as shown and lít at the same time. Lids are then 


placed on each jar. Which candle goes out frst? WƑhy? 


65. $ Why doesnt the warm air from a lit birthday 
candle rise within an orbiting space station? hy does 
the candle burn for only a few moments before it extin- 
guishes itselP 


66. ® WWhat two aspects ofa collision between two 
reactant molecules determine whether or not the colli- 
sion results in the formation of product molecules? 


67. ® Can a catalyst react with a reactant? 


68. ® Nhy does food take longer to spoil when it is 
placed ¡n the refrigerator? 


69. ® Does a refrigerator prevenrt or delay the spoilage 
offood? Explain. 


70. 8 The yeast used in bread dough feeds on sugar to 
produce carbon dioxide gas, which causes the dough to 
rise. W'hy ¡s bread dough commonly left to rise in a 
warm area rather than ¡n the refrigerator? 


71. Why does a glowing splint ofwood burn only 
slowly in air but bursts Into fames when plÏaced in pure 


oxygen? 


72. ® ÑWhy is heat often added to chemical reactions 
performed ¡in the laboratory? 


73. 8 An Alka-Seltzer antacid tablet bubbles vigor- 
ousÌy in room-temperature water but only slowly in a 
50:50 mix ofalcohol and water aÌso at room tempera- 
ture. Propose an explanation involving the relationship 
between reaction speed and frequency of molecular 
collisions. 


74. 8 What can you deduce about the activation 
energy ofa reaction that takes billions of years to øO to 
completion? How about a reaction that takes only frac- 
tlons oÊa second? 


75. # In the following reacton sequence for the cat- 
alytic formation of ozone from molecular oxygen, 
which chemical compound ¡s the catalyst: nitrogen 
monoxide or nitrogen dioxide? 


Ô;+252NÖ —+š 2NG, 
2NO, —> 2NO+2O 
70+70, => 2O, 


76. # What role do chloroRuorocarbons play in the 
catalytic destruction ofozone? 


77. ® Many people hear about atmospheric ozone 
depletion and wonder why we dont simply replace that 
which has been destroyed. Knowing about chlorofluo- 
rocarbons and knowing how catalysts work, explain 
how this would not be a lasting solution. 


78. ® Hydrogenation is a type of reaction in which 
hydrogen gas, H;, is mixed within a solution oFa com- 
pound containing mulrtiple bonds, such as an unsatu- 
rated fat (see the Chapter 7 In the Spotlight). The 
hydrogens add to the muluple bonds, creating single 
bonds. A catalyst of either nickel, Ni, or rhodium, Rh, 
metal is required. Which works better: when this metal 
catalyst is ñnely powdered, or provided in BB-sized 
small spheres? Why? 


79. ® Which ¡s higher in an endothermic reaction: the 
potential energy of the reactants or the potential energy 
of the products? 


80. Note in Table 9.1 that bond energy increases 
going from C—N to C-O to C—E. Explain this trend 
based on the sizes of these atoms as deduced from their 
positlons in the periodic table. 


61. ® Are the chemical reactions that take pÏace in a 
disposable battery exothermic or endothermic? What 
evidence supports your answer? Ïs the reaction going on 
In a rechargeable battery while it is rechargine exother- 
míc or endothermic? 


82. @ Is the synthesis of ozone from oxygen exother- 
míc or endothermic How about the synthesis of oxy- 
gen Írom ozone? 


83. ® Nhat role does entropy play ¡n chemical 
r€actIons? 


84. @ Why do exothermic reactions typically favor the 


formation of products? 


85. ® What happens to the entropy oFa system as the 
components of the system are Introduccd to a larger 
number oÊpossible arrangments, such as when liquid 
Water transforms Into water vapor? 


8ó. ® Under what conditions will a hot pie not lose 
heat to its surroundings? 


87. $ Which has more entropy: a shuffled deck of 
playing cards or an unshuffled deck of the same make 


and brand? 
88. ® For cach of the following, specify which has 


more entropy per molc: 


a. Chlorine liquid, CL,(), or chlorine gas, C];(g)? 
b. Methane, CHx(ø), or propane, C;H;(g)? 

c. Sodium chloride solution, NaCl(aq), or sodium 
chloride solid, NaCI@)? 


89. @ Why does iodine, I;(s), spontaneously sublime 
at room temperature? 


90. ® 'There ¡s an increase In entropy as solid iodine, 
I;(s), sublimes into iodine vapor, I;(g). Is this Increase 
in entropy necessarily balanced out by an increase In 
entropy elsewhere? 


91. Atroom temperature ammonIa nitrate, 


NHNO, ¡s a solid while water, HO, is a liquid. The 


ammonium nitrate, however, has a larger entropy value. 


Why? 


92.® As the sun shines on a saow-capped mountain, 
much of the snow sublimes instead of melts. How ¡s 
this favored by entropy? 
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93. $ Estimate whether entropy increases or deceases 
with the following reaction. Use data from Tables 9. I 
and 9.2 to confrm your estimation. 


2 C(s) + 3 H;(g) > C,H/() 


94. 8L Entropy increases markedly as an exothermic 
reaction releases heat. How can this entropy Increase be 
minimized? 


95. $ True or False? The change in entropy ofa sub- 
Stance as Its temperature increases debends upon the 
specifc heat of the substance. Explain. 


96. #4 hy ¡s the entropy of water vapor so much 
hipher than that of ]liquid water? 


97, @ \Wild plants readily grow “all by themselves” yet 
the molecules of the growing plant have /2ss entropy 
than the materials used to make the plant. How is it 
possible for there to be this Z2ez¿zsé in entropy for a 
process that occurs all by itself° 


98. $ Combustible fuels, such as methane, CHặ, 
methanol, CH;OH, and propane, C.H;, have rela- 
tively large entropy values, as shown in Table 9.2. How 
1s this related to the fact that they also generate large 
amounts ofentropy as they combust with oxgyen? 


99, $ In the laboratory, endothermic reactions are usu- 
ally performed at elevated temperatures, and exother- 
míc reactions are usually performed at lower tempera- 
tures. hat are some possible reasons for this? 


100. #8 How ïs it possible to cause an endothermic 
reaction, such as the one shown here, to proceed when 
the reaction causes energy to become less dispersed? 


6 CO,(ø) +6 H;O() —> C„H;;O,¿G) + 6 O,;(g) 
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101. A 1.00-carat pure diamond has a mass of 
0.20 grams. How many carbon atoms are there within 
this diamond? 


102. # How many molecules ofaspirin (Íormula mass 


180 atomic mass units) are there in a 0.250-gram sample? 


103. # Small samples of oxygen gas needed in the lab- 
Oratory can be generated by any number of simple 
chemical reactions, such as 


2 KCIO;z(s) —> 2 KCI@) + 3 Os(g) 


Nhat mass of oxygen (in grams) is produced when 
122.55 grams of KC]O; (formula mass 122.55 atomic 


mass units) take part in this reaction? 


104. # How many grams ofwater, H;O, and propene, 
C;H¿, can be formed from the reaction of 6.0 grams of 
2-propanol, C;HO? 


105. #8 How many moles ofwater, H;O, can be pro- 
duced from the reaction of 16 grams of methane, CH¿, 
with an unlimited suppÌy ofoxygen, O„? How many 
grams oÊ water ¡s this? The reactlon Is 


CH„+2Ơ, —> CO,+2H,O 


106. # How much energy, ¡n kilojoules, is released or 
absorbed during the reaction of I mole of nitrogen, N;, 
with 3 moles of molecular hydrogen, H, to form 2 
moles oFammonia, NH;? Consult Table 9.1 for bond 


€n€rg1es. 
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107. # Use the bond energies in Table 9.1 and the 
accounting format shown ¡n Section 9.5 to determine 
whether these reactions are exothermic or endothermic: 


lE hm to ==. 2 HCI 
2HC=CH+5O, —> 4CO,+2H;O 
108. ® Use the bond energies in Table 9.1 and the 


accounting format shown ¡n Section 9.5 to determine 
whether these reactions are exothermic or endothermic: 


H H 
Ñ nộ 
N—N —> H—H+H-H*+N, 
ử b 
H H 
H H 
\ ` 
O—O + O_-O  —> 
\ % 
H H 


O=O+H—O +H—O 
` \ 
H H 


| ANSWERS TO CALCULATION 
¡ CORNER 


FIGURING MASSES OF REACTANTS 
AND PRODUCTS 


1. According to the law of mass conservation, 

the amount of mass in the products must equal 
the amount of mass ¡n the reactants. Given that 
this reaction involves onÌy one reactant and one 
product, you should not be surprised to learn that 
64 grams of reactant produce 64 grams of 
product: 


Step 1. Convert grams of O2 to moles of O2: 


“| 1 mole Q 
(64 gØ,) — = 2 moles O,„ 
š 32 gØ, 


109. $ The reaction of 1 mole of nitrogen, N;, with 

3 moles of molecular hydrogen, H;, to form 2 moles of 
ammonia, NH;, is exothermic, resulting ¡n the relcase 
of about 80,000 joules. se Table 9.2 to calculate 
whether or not this reacuon should proceed on its own 


at 298 K 25°C). 


110. # Assume that the entropy values given in Table 
9.2 are good not just for 298 K but Íor any tempera- 
ture. Does the reaction o£ 1 mole oÊ nitrogen, N¿, with 
3 moles of molecular hydrogen, H;, to form 2 moles of 
ammonia, NH1, become more or less favored when the 
temperature is increased from 298 K (25°€) to 723 K 
(450°C)? 


Step 2. Convert moles of O; to moles o£ Ö»: 


2 moles ©Q 
(2m esƠ& ) — — —- |=Ï ' mo-O 


Step 3. Convert moles of Ô» to grams of Õs: 


¬| 48gO 
“.- =64gO, 
Đề Q22 O; 


2. There are several ways to answer this problem. 
One way would be to recognize that 28 grams of; 
1s I mole o£ŸN; and 32 grams of O; ¡is l mole of Õ¿. 
According to the balanced equation, combining 

1 mole of; with 1 mole of O; yields 2 moles of 
NO. The mass of2 moles of NO ¡s 


=| 30 gNO 
2 molsNÓ)| -——#——— | = 60 gNO 
Và uy, P.3 z 


which ¡s the sum of the masses of the reactants, as It 
must be because of the law of mass conservatIon. 


LHAN 


WARMING AND COOLING WATER MIXTURES 


1. The mixing ofrubbing alcohol and water 1s an 
exothermic process, as evidenced by the warmth you 
feel upon combining the two. At the molecular level, 
hydrogen bonds are being formed between alcohol 
molecules and water molecules. Recall from Section 7. 
that the hydrogen “bond” ¡s a molecule-to-molecule 
attraction. Ít ¡s the formation of these intermolecular 
attractions between alcohol and water molecules that 
results in the release of heat. 


Hydrogen bond 


lsopropyl alcohol 
(rubbing alcohol) 


Water ⁄2 Ky lai 


H 


í 


2. You should have been able to feel that the salted 
water was cooler than the unsalted water, meaning the 
mixing ofsodium chloride and water is an endothermic 
process. At the molecular level, two things are going on. 
First the ionic bonds between Na" and CÍT ¡in the solid 
salt break, a process that absorbs energy. Then the ions 
form ion-dipole attractions wich water molecules, a 
process that releases cnergy. The amount of energy 
absorbed in the first step 1s preater than the amounr 
released in the second step. 

Commercial “cold packs” work by the same principle. 
Instead ofsodium chloride, however, these packs are 
made with anmmonium nitrate, which absorbs much 
more energy as it dissolves in water. In order for the 
pack to be activated, it must be punched. As discussed 
in Section 9.6, this breaks an inner seal and allows the 
ammonium nitrate to mix with water. Ás the ammo- 
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nium nitrate dissolves, heat 1s absorbed and the temper- 
ature ofanything In contact with the pack——including 
a sprained ankle—decreases. 


| EXPLORING FURTHER 
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AN OVERVIEW OF CHEMICAL REACTIONS 


Visit The Chemistry Place at: 
WWWw.aw-bc.com/chemplace 


DOUBLING TIME 
ti 


ne of the most ïimportant things 

we have trouble perceiving are 

the amazing effects of consistent 
doubling. In two doublings,a quantity 
will double twice (2? = 4),or quadruple 
ïn size; in three doublings, its size wilÏ 
increase eightfold (2? = 8);in four dou- 
blings, ït will increase sixteenfold (2 = 
16); and so on. Continued doubling 
leads to enormous nurnbers. 

Consider the story of the court 
mathematician in India who years 
ago ïinvented the game of chess for 
his king. The king was so pleased with 
the game that he offered to repay the 
mathematician, whose request 
seemed modest enough. The mathe- 
matician requested a single grain of 
wheat on the first square of the 
chessboard, two graïns on the second 
square, four on the third square, and 
so on, doubling the number of graïns 
on each succeeding square until all 
squares had been used. At this rate 
there would be 253 graïns of wheat 
(about 18 million trillion) on the 
sixty-fourth square alone. The king 
soon saw that he could not fill this 
“modest”request, which amounted 
†o more wheat than had been har- 
vested in the entire history of Earthl 
Steady growth in a steadily 

expanding environmerntt is one thỉng, 
but what happens when steady 
growth occurs ïn a finite environ- 
mnent? Consider the growth of bacte- 
ria that grow by đivision, so that one 
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bacterium becomes two, the two 
divide to become four, the four divide 
†o becorne eïght, and so on. Suppose 
the number of bacteria grows eXpo- 
nentially with a doubling time of 
1minute (the time ït takes for each 
doublïng to occur). Further, suppose 
that one bacterium is putïn a bottle 
a† 11:OO A.M. and that growth contin- 
ues steadily until the bottle becomes 
full of bacteria at 12 noon. 


ể ủ ECK 
When was the bottle half full? 


| Was this your answer? At 11:5o 
A.M., since the bacteria will double 
in number every mminutel 


Itis startling to note that at 2 mỉn- 
utes before noon the bottle was only 
1⁄4 fuTll,and at 3 min- 
utes before noon onÌy 
1/8 full. lf bacteria 
could think, and if 
they were concerned 
about their future, at 
what time do you sup- 
pose they would sense 
they were running out 
of space? Would a seri- 
ous problem have been evident at, 
Say, 11:55 A.M.,when the bottle was 
only 3 percent full (1⁄32) and had 
97 percent open space (just yearning 
for development)? The point here ïs 
that there isn't much time between 
the moment the effects of growth 
become noticeable and the time 
when they becorne overwhelming. 

Pretend that at 11:58 A.M. some far- 
sighted bacteria see that they are 
running out of space and launch a 
full-scale search for new bottles for 
the thriving population. And further 
imagine their sense of accomplish- 
ment upon finding three new empty 
bottles. This is three tỉimes as much 
space as they have ever knowrn. lt 
mnay seem to the bacteria that their 


problems are solved—and justïn 
time. lf the bacteria are able to 
mnigrate to the new bottles and theïr 
growth continues at the same rate, 
what time will it be when the three 
new bottles are filled to capacity? The 
disconcerting answer is that all four 
bottles will be filled to capacity by 
12:O2 P.M.| The discovery of the new 
bottles extends the resource by only 
†wo doubling times. In this example 
the resource ïs space—such as land 
area for a growing population. But ït 
could be coal, oil,uranium, or any 
nonrenewable resource. 

Although bacteria and other 
organisms have the potential to mul- 
tiply exponentially, limiting factors 
usually restrict the growth. The num- 
ber of mice ïn a field,for example, 
depends not only on birthrate and 
food supply but on the number of 
hawks and other predators in the 
vicinity. A “natural balance” of com- 
peting factors ïs struck. lf the preda- 
†ors are removed, exponential growth 
of the mice population can proceed 
for a while. Rermove certaïn plants 
from a region and others tend to 
exponential growth. All planfs, ani- 
mals,and creatures that inhabit Earth 
are in dynamiic states of balance— 
states that change with changing 
conditions. Hence the environmental 
adage, “You never change onÌy one 
thỉng.” 

The consumption of nonrenew- 
able resources cannot grow exponen- 
tially for an indefinite period because 
the resource ïs finite and ïts supplÌy 
finally expires. This is shown ïn Figure 
1a, where the rate of consurmnption, 
such as barrels of oil produced per 
year, is plotted agaïnst time, say ïn 
years. In such a graph the shaded 
area under the curve represents the 
supply of the resource. When the 
supply is exhausted, consumption 
ceases altogether. This sudden 
change is rarely the case, for the rate 
of extracting the supply falls as ït 


becomes more scarce. Furthermore, 
consumption điminishes as prices 
escalate. This is shown ïn Figure 1b. 
Note the area under the curve is 
equal to the area under the curve in 
Figure 1a.Why? Because the total 
supply is the same in both cases. The 
đifference ïs the time taken to extract 
that supply. History shows that the 
rate of production of a nonrenewable 
resource rises and falls ïn a nearÌy 
symmetric manner, as shown ïn 
Figure 1c. The time during which pro- 
duction rates rise is approximately 
equal to the time during which these 
rates fall to zero or near zero. 

The consequences of unchecked 
exponential growth are staggering. 
ltis very important to ask: ls growth 
really good? Our bodies arise from 
the doubling of a single fertilized 
egg, yet we stop growing once we 
reach adulthood. Continued growth 
rneans obes†ty——or WOrse, cancer. 
Might there ever come a day when 
we value politicians, econormists, and 
businesspeople not for their ability to 
stimulate growth but for their ability 
†o diminish growth to rates of zero or 
less? Is ïtïn us to demand not more, 
but the same? 


lfworld population doubles in 

4O years and world food produc- 
tion also doubles in 4o years, how 
many people then will be starving 
each year cormpared to now? 


Was thỉs your answer? All things 
being equal, doubling of food for 
†wice the number of people sim- 
ply means that twice as many peo- 
ple will be eating, and twice as 
many will be starving as are starv- 
ng now. As you'Tl learn in Chapter 
15, however, wor]d food production 
is already great enough to ensure 
healthy diets for all hummans.The 
chief causes of starvation are 
polïitical and economical. 


IN THE SPOTLIGHT 
DISCUSSION QUESTIONS 


1. Doubling time approximately equals 
7O percent divided by the percent 
growth rate. For exarmple, if rnoney 
ïn the bank grows at a rate of 7 per- 
cent per year, then the doubling time 
equals about 7o%/7% = 1O years. In 
other words, at a rate of 7 percent, a 
ŠS5O investment will double into $1oo 
ïn 1o years. Calculate the population 


Consumption of 
nonrenewable resource 


(c) 


FIGURE I 


| (a) LÍ the exponential rate of consumption for a non-renewable resource continues 
- until it is depleted, consumption falls abruptÌy to zero. (b) In practice the rate of 
consumption levels off and then falls less abrupdly to zero. Note that the cross- 


hatched area A ¡s equal to the crosshatched area B. Why? (c) At lower consumption s5. 


rates, the same resource lasts a longer time. Relative to world oil production, the 
øeneral consensus among øeologists is that we will have reached the peak, also 
known as “Hubberts Peak,” by 2010. Given this trend, todayS “outrageous” øgaso- 
line prices will eventually be perceived as outrageously cheap. 


doubling times for the following 
regions (current population ïn 
parentheses). Discuss potential rea- 
sons for the vast differences in dou- 
bling times in these countries and 
how standards of living might be 
affected. (See www.prb.org) 


World: 1.3% (6.4. billion) 

United States: o.6% (2o8 million) 
Japan: o.1% (28 million) 

India: 1.7% ( billion) 

Latin America:1.6% (s49 million) 
Europe:~o.2% (728 million) 
Nigeria: 2.o% (137 million) 

China: o.6% (1.3 bïllion) 


. m the U.S. House of Representatives, 


states are represented according to 
population—the larger the popula- 
tion of the state, the more represen- 
tatives the state is allowed to send to 
Congress to vote on various laws and 
issues. Should a similar system be 
set up within the United Nations? 
How might Europeans feel about 
such an initiative? 


. The Flu Epidemic of1918 killed over 


5o million people worldwide, which is 
far more than all the wars ïn the 

2oth century put together. Similarly, 
historians estimate that about 

9O percent of Native Americans 

were killed not by invading Euro- 
peans, but rather by the diseases the 
Europeans carried with them.Why 
have pathogens been so much more 
effective a† killing us than we have 
been at killing each other? Why do 
some consider bioterrorism a greater 
threat than nuclear terrorism? How 
Tnight some “farsighted” pathogens, 
such as H§Nn,feel about jet travel? 


. In all certainty, the human popula- 


†ion growth rate on Earth will even- 
tually reach o percent. How soon 
might this occur? How might this 
rate be achieved ïn a worsf†-case sce- 
Tiario? In a best-case scenario? In a 
science-fictional sort of scenario? 


The worldwide trend is that as a 
country gets wealthier, its rate of 
population growth declines or even 
Treverses. But which comes first: the 
wealth or the declining rate? 


327 


"sỀ 


TRANSFERRING PROTONS 
lý 


As rainwater falls, it absorbs atrmmospheric carbon dioxide. 


©nce in the raïnwater, the carbon đioxide reacts with water 


9 
aqdt and lậ60‹ to form an acid known as carbonic acid, H,CO., which, as we 


điscuss in this chapter, makes rainwater naturally acidic. As 


the rainwater passes through the ground, the carbonic acid 
16.1  Acids Donate and Bases 


sa reacts with various basic minerals, such as limestone, to form 
Accept Positive Charge 


products that are water soluble and thus carried away by the 
16.2  Some Acidsand Bases 


TT... 6 underground flow of water. This washing-away action over 


the course of millions of years creates caves. The worÌd's most 
16.3  Solutions Can Be Acidic, Basic, 


œ NeuEol extensive cave system is in western Kentucky in Mammoth 


- .ï Cave National Park, where more than 3oo miles of networked 
10.4 — Rainwater ls Acidic and Ocean 


UWaterls Basic caves have been mapped. 


MO BufersohitlonsKerbt Although Mammoth Cave National Park has the most 

Changes in pH extensive network of caves, its cave chambers are much 
smaller than those in Carlsbad Caverns National Park in 
southeastern New Mexico. This chapter's opening photo- 
graph shows the largest chamber at Carlsbad, which rmmeas- 
ures 25 stories high and half a kilometer wide. The great size 
of the chambers at Carlsbad ïs due to the “limestone-eating” 
action of an acid known as sulfuric acid, H,SO,, which is 
much stronger than carbonic acid. This sulfuric acid forrns 
from gaseous hydrogen sulfide, H,S,and gaseous sulfur diox- 
ide, SO., both of which rise up from oil and gas deposits 
buried deep in Earth. 

In this chapter, we explore acids and bases and the chemi- 
cal reactions they undergo. We begin with a definition of 
these t†wo important substances and then explore how sorne 
acids and bases are stronger than others. After learning 
about the pH scale, we close by looking at some environmen- 


tal and physiological applications of acid-base concepts. 
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FIGURE 10.1 


Examples of acids. (a) Citrus fruits contain many types 
ofacids, including ascorbic acid, C„HzO;, which ¡s vita- 
min €. (b) Vinegar contains acetic acid, C,H/O,, and 
can be used to preserve foods. (c) Many toilet bowl 
cleaners are formulated with hydrochloric acid, HCI. 

(d) All carbonated beverages contain carbonic acid, 
H;C©;, and many also contain phosphoric acid, 


CHAPTER 10 
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ACIDS AND BASES 


® 1o.1 Acids Donate and Bases Accept Positive Charge 


he term Z7 comes from the Latin Zc/2s, which means “sour.” The sour 
taste of vinegar and citrus fruits is due to the presence of acids. Food is 
digested in the stomach with the help of acids, and acids are also essential in the 
chemical industry. Today, for instance, more than 85 billion pounds of sulfuric 
acid ïs produced annually in the United States, making this the number-one 
manufactured chemical. About 65 percent of this sulfuric acid is used to pro- 
duce fertilizers. Sulfuric acid ¡s also used to produce detergents, paint dyes, plas- 
tics, pharmaceuticals, storage batteries, iron, and steel. Ït is so important in the 
manufacturing ofgoods that its production is considered a standard measure of 
a natons industrial streneth. Figure 10.1 shows only a very few of the acids we 
commonly encounrer. 

Bases are characterized by their bitter taste and slippery feel. Interestingly, 
bases themselves are not sÏippery. Rather, they cause skin oils to transform inrto 
slippery solutions of soap. Most commercial preparations for unclogging drains 
are composed of sodium hydroxide, NaOH (also known as lye), which is 
extremely basic and hazardous when concentrated. Bases are also heavily used in 
industry. Each year in the United States about 25 billion pounds of sodium 
hydroxide is manufactured for use in the production ofvarious chemicals and in 
the puÌp and paper industry. Solutions containing bases are often called 2/&z/7ze, 
a term đderived from the Arabic word for ashes (z/-z), a term we met in Sectlon 


(b) (d) 


10.1 ACIDS DONATE AND BASES ACCEPT POSITIVE CHARGE 


2.6. Ashes are slippery when wet because of the presence of the base potassium 
carbonate, K;CO¿. Figure 10.2 shows some common bases with which you are 
probably familiar. 


THE BRØNSTED-LOWRY DEFINITION FOCUSES ON PROTONS 


Acids and bases may be defined ¡in several ways. One of the more popular def- 
initions is that supgested in 1923 by the Danish chemist Johannes Brønsted 
(1879-1947) and the English chemist Thomas Lowry (1874-1936). In the 
Brønsted-Lowry deinition, an acid ¡s any chemical that donates a hydrogen 
lon, H”, and a base is any chemical that accepts a hydrogen ion. Recall from 
Chapter 2 that because a hydrogen atom consists of one electron surrounding 
a one-proton nucleus, a hydrogen ion formed from the loss ofan electron is 
nothing more than a lone proton. Thus, ¡t is also sometimes said that an acid 
is a chemical that donates a proton and a base ¡is a chemical that accepts a 
Proton. 


Heres a 8AAD acronym for 
remembering how ocids and 
bases handle pro†ons: 

Bases Accep†, Acids Donofe. 


Proton 
acceptor 


Proton 
donor 
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FIGURE 10.2 


Examples of bases. (a) Reactions 
involving sodium bicarbonate, 
NaHCO;, make baked goods rise. 
(b) Ashes contain potassium car- 
bonate, K,CO¿. (c) Soap is made 
by reacting bases with animal or 
vegetable oils. The soap itself, 
then, ¡s slightly alkaline. (d) Pow- 
erful bases, such as sodium 
hydroxide, NaOH, are used in 
drain cleaners. 
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Consider what happens when hydrogen chloride is mixed into water: 


“ 4X.Ă.., 


H” donor  H” acceptor 
(acid) (base) 


Hydrogen chloride donates a hydrogen ion to one of the nonbonding electron 
pAIrs on a water molecule, resulting in a third hydrogen bonded to the oxygen. 
In this case, hydrogen chloride behaves as an acid (proton donor) and water 
behaves as a base (proton acceptor). The products of this reaction are a chỈoride 
1on and a hydronium ion, HO", which, as Figure 10.3 shows, is a water mole- 
cule with an extra proton. 

WWhen added to water, ammonia behaves as a base, as its nonbonding elec- 
trons (see Figure 6.16) accept a hydrogen ion from water, which, ¡n this case, 
behaves as an acid: 


°`$ 2 s4 


HO + NH; —> OH- + NH¿† 


Ỷ donor H” acceptor 
(acid) (base) 


Recdll †ha† a hydrogen ion wi†h a posifive 5 
J change is simply a lone pro†on. These models | 
| Tm holding, of course, are no† †o scole 
| because an a†omS nucleus is many †imes 
À smoller †han †he size of †he a†om. 


Posi†ive hydrogen 
ion (lone pro†on) 


T 


¬ re 5 = = — —  —= - =——.. 


The hydronium ion positive 

charge is a consequence of the 

extra proton this molecule has | 
acquired. Hydronium ions, 
which play a part in many acid- 
base reactions, are polyatomic | 
ions, which, as mentioned ¡in 
Chapter 6, are molecules that 

carry a net electric charge. 


# 
H.O 


Space-filling model | 
of hydronium ion | 


Electron-dot structure 
of hydronium ion 


| Total protons 11+ 
ị Total electrons 10— 


Net charge 1+ 


10.1 ACIDS DONATE AND BASES ACCEPT POSITIVE CHARGE 333 


C 


@—ê 
Electron dot structure Space-filling model 
of hydroxide ion of hydroxide ion 


Total protons 9+ 
Total electrons 10— 


Net charge l= 


Thịs reaction results in the formation o£an ammonium ion and a hydroxide 
ion, which, as shown ¡in Figure 10.4, is a water molecule without the nucleus of 
one of the hydrogen atoms. 

Ít is important to recognize acid-base as a Øe°Z7ø. Ñe say, for example, that 
hydrogen chloride øZø as an acid when mixed with water, which 2e as a 
base. Similarly, ammonia Ø2 as a base when mixed with water, which under 
this circumstance ¿?Zø as an acid. Because acid-base is seen as a behavior, 
there is really no contradiction when a chemical like water behaves as a base in 
one instance but as an acid in another instance. By analogy, consider yourself 
You are who you are, but your behavior changes depending on whom you are 
with. Likewise, it is a chemical property ofwater to behave as a base (accept H”) 
when mixed with hydrogen chloride and as an acid (donate H*) when mixed 
with ammonla. 

The products of an acid-base reacuon can also behave as acids or bases. An 
ammonium ion, for example, may donate a hydrogen Ion back to a hydroxide 
lon to re-form ammonia and water: 


® 4$ 4$ 


HO + NH¿ — OH- † NH¿† 


H“acceptor H”donor 
(base) (acid) 


Forward and reverse acid-base reactions proceed simultaneously and can there- 
fore be represented as occurring at the same time by using two oppositely facing 
ATTOWS: 


® 4 2 $ 


TU) SÓ Ti c UIÌ, + qHh 


H“donor Hacceptor H”acceptor H”donor 
(acid) (base) (base) (acid) 


FIGURE 10.4 


Hydroxide ions have a net nega- 
tive charge, which is a conse- 
quence of having Ïost a proton. 
Like hydronium Ions, they play a 


part in many acid-base reactons. 
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WWhen the equation ¡s viewed from lefÍt to right, the ammonia behaves as a base 
because it accepts a hydrogen ion from the water, which therefore acts as an acid. 
Viewed in the reverse direction, the equation shows that the ammonium ion 
bchaves as an acid because it donates a hydrogen ion to the hydroxide ion, 
which therefore behaves as a base. 


lạ. thrếk 


Identify the acid or base behavior of each participant in the reaction 


H,PO, +H,O S H.PO, +H,O 


Was this your answer? In the forward reaction (left to right),H,PO,- gains a 
hydrogen ion to become H.PO,. In accepting the hydrogen ion, H,PO,ˆ ïs 
behaving as a base. lt gets the hydrogen ion from the H.O”,which ïs behav- 
ïng as an acid. In the reverse đirection, H.PO, loses a hydrogen ion to become 
H,PO,- and ïs thus behaving as an acid. The recipient of the hydrogen ion is 
the H;O, which is behaving as a base as ït transforms to H.O”. 


THE LEWIS DEFINITION FOCUSES ON LONE PAIRS 
The Brønsted-Lowry delnition ofacids and bases ¡s restricted to molecules that can 
donate or accept protons. A more general defnition ofacids and bases was proposed 
¡n the 1930s by Gilbert Lewis, the same chemist who introduced the idea of shells to 
explain the organization ofthe periodic table as well as chemical bonding (Chapters 
5 and 6). According to the Lewis definition, a molecule with a lone pair ofelectrons 
can behave as a base when its lone pair accepts a positive charge, which may or may 
not be a proton. Conversely, a molecule behaves as an acid when it donates a posi- 
tive charge to a lone pair. So, while the Brønsted-Lowry deñniuon focuses on the 
actlon of protons, the Lewis defnition focuses on the action of lone-pair electrons. 
Looking back to the previous examples of bases, we see that a lone pair of 
these bases is accepting the positively charged proton, as illustrated here. Note 
how the curved arrows indicate the movement of electrons: 


New bond formed 
Ò* là) RẺ 00 : 
Hñ “Nm-C ï =..... Lộ) 


Bond breaking 


In this case, the water is behaving as a base because its lone pair seeks out and 
accepts a positive charge (the proton) while the hydrochloric acid, HCI, behaves 
as an acid because it donates a positive charge to the lone pair. 

An example of an acid-base reaction that doesnt involve the transfer of a 
proton is the formation of carbonic acid from water and carbon dioxide as 
shown here: 


O 
|Í O 
lÌ 


——> 


|| ẾD AC 
lì ¬*v 
“.- J HC "ozñH 


Carbonic acid 
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Although carbon dioxide is nonpolar, the central carbon can bear a slight posi- 
tive charge duc to the strong electronegativities of the adjacent oxygens. In this 
reaction, the lone pair of the water molecule attacks the sÏightÌy positive carbon 
of the carbon dioxide. As this carbon gains the two electrons of the lone pair 
from the waters oxygen, it loses a bonding pair of electrons to an adjacent oxy- 
gen (so that it never has more than four bonds, which is a property of carbon). 
The result is a molecule with both a positive and negative charge (shown on 
page 334 in brackets). This molecule, however, exists only briefly before trans- 
forming into the more stable noncharged product, carbonic acid, which, as dis- 
cussed later, is responsible for the natural acidity of rainwater. 


ECK - 
How is ït possible for carbon dioxide, CO,, to behave as an acid when ït has 
no hydrogen ions to donate? 


Was thỉs your answer? A molecule behaves as an acid when it donates a 
positive charge, which is usually a proton, but not always. Carbon dioxide 
behaves as an acid when ït donates the sÌightly positive charge of ïts carbon 
atom to the lone pair on the oxygen of a water molecule. 


A SALT IS THE IONIC PRODUCT OF AN ACID-BASE REACTION 


In everyday language, the word sz/implies sodium chloride, NaC], table salt. In 
the language of chemistry, however, saÏt is a general term meaning any ionic 
compound formed from the reaction between an acid and a base. Hydrogen 
chloride and sodium hydroxide, for example, react to produce the salt sodium 
chloride and water: 


HCl + NaOH —> NaC| + H;O 
Hydrogen Sodium Sodium \Water 
chiodde hydroxide chloride 
(acid) (base) (salt) 


Similarly, the reaction between hydrogen chloride and potassium hydroxide 
yields the salt potassium chloride and water: 


HƠI + KOUH -; KỚI + TDLO 
Hydrogen  Potasium Potassium WWater 
chịnie hydroxide chloride 
(acid) (base) (salt 


Potassium chloride is the main ingredient in “salt-free” table salt, as noted in 
Eigure 10.5. 

Salts are generally far less corrosive than the acids and bases from which they 
are formed. A corrosive chemical has the power to disinteprate a material or 
wear away Its surface. Hydrogen chloride is a remarkably corrosive acid, which 
makes it useful for cleaning toilet bowls and etching metal surfaces. Sodium 
hydroxide is a very corrosive base used for unclogging drains. Mixing hydrogen 
chloride and sodium hydroxide together in cqual portions, however, produces 
an aqueous solution of sodium chloride—saltwater, which ¡s nowhere near as 
destructive as either starting material. 

There are as many salts as there are acids and bases. Sodium cyanide, NaCN, 
¡sa deadly poison. “Saltpeter,” which is potasstum nitrate, KNO¿, is useful as a 
fertilizer and ¡in the formulation of gunpowder. Calcium chloride, CaCL, 1s 
used to deice roads, and sodium Ruoride, NaF ¡in toothpaste, prevents tooth 
decay. The acid-base reactions forming these salts are shown in Table 10.1. 


FIGURE 10.5 


“Salt-free” table-salt substitutes 
contain potassium chloride in 
place of sodium chloride. Cau- 
tion is advised in using these 
Products, however, because 
€XC€SsIv€ quantities of potassium 
salts can lead to serious ilÌness. 
Furthermore, sodium ions are a 
vital component ofour diet and 
should never be totally excluded. 
For a good balance of these two 
Important ions, you might 
inquire about commercialÌy 
available half-and-half mixtures 
of sodium chÏloride and potas- 
sium chÏoride, such as the one 
shown here. 
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FIGURE 10.6 


Hydrogen chloride and 
pseudophedrine react to form the 
salt pseudophedrine hydrochlo- 
ride, which, because of its solu- 
bility in water, 1s readily absorbed 
Into the body. 


TABLE 19.1 ACID-BASE REACTIONS AND THE SALTS FORMED 


Acid Base Salt Water 
HCN + NaOH —>  NaCN + H,O 


Hydrogen Sodium Sodium 
Š A6 D hydroxide cyanide 


HNO. + <SOH —> KNO, + H,O 


Nirric Potasstum Potassium 
acid hydroxide nitrate 


2ZHCI +  Ca(OH,; => CaC, + 2H,O 


Hydrogen Calcium Calcium 
site hydroxide chloride 


H: + NaOH —> NaF + H;O 


Hydrogen Sodium Calcium 
no lẽ hydroxide Ñuoride 


The reaction between an acid and a base ¡s called a neutralization reaction. 
As can be seen in the color-coding of the neutralization reactions in Table 10.1, 
the positive ion oÊa saÌlt comes from the base and the negative ion comes Írom 
the acid. The remaining hydrogen and hydroxide ions join to form water. 

Nor all neutralization reactions result in the formation of water. Ïn the pres- 
ence ofhydrogen chloride, for example, the drug pseudoephedrine behaves as a 
base by accepting a hydrogen ion, H*. The negative CÍ” then joins the pseu- 
doephedrine-H" ion to form the salt pseudoephrine hydrochloride, which ïs a 
common nasal decongestant, shown in Figure 10.6. This salt is soluble in water 
and can be absorbed throueh the digestive system. Ñe shalÏ return to the action 
ofvarious drugs in Chapter lá. 


g CC CHECK 


Is a neutralization reaction best described as a physical change or a chemi- 
ca] change? 


Was thỉs your answer? New chemicals are formed during a neutralization 
reaction, meaning the reaction is a chernical change. 


xCH; 


_ CH 
`... SieE 2 00 cự 
(acid) H k “...... H LCH; 
: tóc. ` 
SẠC - `. 
ØOH ©H 
Pseudoephedrine Pseudoephedrine hydrochloride 


(base) (salt) 
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® 1o.2 Some Acids and Bases Are Stronger Than Others 


n peneral, the $tronger an acid, the more readily it donates a posItIve charge, 
usually a hydrogen ion. Likewise, the stronger a base, the more reachy it 
accepts a positive charge, also usually a hydrogen ion. An example oFa strong acid 
1s hydrogen chloride, HC], and an example ofa strong base is sodium hydroxide, 
NaOH. The corrosiveness of these materials is a result of their strength. 

One way to assess the strenerh ofan acid or base is to measure how much ofït 
remains after it has been added to water. If little remains, the acid or base is 
sưong. [Fa lot remains, the acid or base is weak. To ¡il[ustrate this concept, con- 
sider what happens when the strong acid hydrogen chloride ¡s added to water 
and what happens when the weak acid acetic acid, C,H/O; (the active ingredi- 
ent of vinegar), ¡is added to water. Being an acid, hydrogen chloride donates 
hydrogen ions to water, forming chloride ions and hydronium ions. Because 
HC is such a strong acid, nearly alÍ of¡t is converted to these ions, as shown in 
Eigure 10.7. Because acetic acid is a weak acid, ¡t has much less tendency to 
donate hydrogen ions to water. W/hen this acid ¡s dissolved in water, only a small 
portion of the acetic acid molecules are converted to ions, which occurs as the 


polar O-H bonds are broken (the C-H bonds of acetic acid are unaffected 


Hydrogen 
chloride 


- 
“° 


Chloride 
chloride ion ion 


`: 


Hydrogen Water Hydronium 


fr _ 


s_Aspirin is an acidic molecule, but 


not nearÌy as acidic as the 
hydrochloric acid, HC],found in 
your stomach and used to đigest 
food. So how ïs ït that aspirin can 
cause damage to your stomach? 
Stomach acid is so strong that 
within this environment aspirin 
1s unable to donate its hydrogen 
ion, which means that it remains 
“un-ionized.”This un-ionized 
Aspirin is nonpolar and water 
insoluble. I† is, however, able to 
penetrate through the largely 
nonpolar, HC]-containing mucus 
membrane that lines the stom- 
ach. After passing through this 
mmucus, the aspirin finds itself ïn 
a less acidic environment where 
ït can finally donate its hydrogen 
ion. This lowers the pH of the 
submucus inner wal] of the 
stomach, which can damage the 
†issues and even cause bleedind. 
The rermedy, of course, is to swal- 
low specially coated aspirin 
tablets, which delay the release of 
the aspirin until after passing 
through the stomach. 

MORE TO EXPLORE: 
Aspirin Foundation of America 
WWW.aspirin.org 


Immediately after hydrogen 


chloride, which is a gaseous sub- 
stance, ¡s added to water, It reacts 
with the water to form hydro- 
nium Ions and chloride lons. 
That very little HCI remains 
(none shown here) tells us that 
HC is a strong acid. 
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by the water because of their nonpolarity). The majority of acetic acid molecules 
remain intact in their original, nonionized form, as shown ¡in Figure 10.8. 

Figures 10.7 and 10.8 show the submicroscopic behavior of strong and weak 
acids in water. Elowever, molecules and ions are too smalÏ to see. How then does 
a chemist measure the strenerh ofan acid? One way is by measuring a solution5 
ability to conduct an electric current, as Figure 10.9 illustrates. Ín pure water 
there are practically no ions to conduct electricity. hen a strong acid ¡s dis- 
solved In water many ions are generated, as indicated in Figure 10.7. The pres- 
ence of these ions allows for the fow ofa large electric current. A weak acid 
dissolved in water generates only a few ions, as indicated in Eigure 10.8. The 
presence of fewer ions means there can be only a small electric current. 

This same trend ¡s seen with strong and weak bases. Strong bases, for exam- 
ple, tend to accept hydrogen ions more readily than weak bases. In solution, a 
strong base allows the flow o£a large electric current and a weak base allows the 
fow ofa small electric current. 


Acetic 


HO” (very few) 


ị C;H:O; ˆ (very few) 
Water 


ị C;HO; s HạO TS. C;H:O;. s HO” | 


ị Acetic acid Water Acetate ion Hydronium ion 


h sẽ... —- —n= —n —m=== _. = 


FIGURE 10.8 


- When liquid acetc acid ¡s added to water, only a few acetic acid molecules react 
with water to form ions. The majority of the acetic acid molecules remain ¡n their 
nonionized form, which tells us that acetic acid ¡s a weak acid. 
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(a) (b) (c) 


FIGURE 10.9 


(a) The pure water in this circuit is unable to conduct electricity because it contains 
practically no ions. The lightbulb in the circuit therefore remains unlit. (b) Because 
HCI is a strong acid, nearly all ofits molecules break apart in water, giving a hiph 
concentration ofions, which are able to conduct an electric current that lights the 
bulb. (c) Acetic acid, C;H/O¿, is a weak acid, and in water only a smalÏ portion of 
irs molecules break up into ions. Because fewer ions are generated, only a weak cur- 
rent exists and the bulb ¡s dimmer. 


According to the aqueous solutions ïllustrated here, which is the stronger 
base, NH: or NaOH? 


Aqueous solution of NH; Aqueous solution of NaOH 


Was this your answer? The solution on the right contains the greater num- 
ber of ions, meaning sodium hydroxide, NaOH, is the stronger base. Ammo- 
niỉa, NH.,is the weaker base, indicated by the relatively few lons ïn the 
solution on the left. 


Just because an acid or base is strong doesnt mean a solution of that acid or 
base is corrosive. The corrosive action o£an acidic solution ¡s caused by the 
hydronium lons rather than by the acid that generated those hydronium Ions. 
Similarly, the corrosive action of a basic solution results from the hydroxide 
lons it contains, regardless of the base that generated those hydroxide ions. A 
øezy dilute solution oŸa strong acid or a strong base may have little corrosive 
action because in such solutions there are only a few hydronium or hydroxide 
lons. (Almost all the molecules of the strong acid or base break up into lons, 
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but, because the solution ¡s dilute, there are only a few acid or base molecules 
to begin with. As a result, there are only a few hydronium or hydroxide Ions.) 
You shouldtt be too alarmed, therefore, when you discover that some tooth- 
pastes are formulated with smalÏ amounts of sodium hydroxide, one of the 
strongest bases known. 

On the other hand, a concentrated solution o£a weak acid, such as acetic 
acid, may be just as corrosive or even more corrosive than a diÌute solution of 
a strong acid, such as hydrogen chloride. The relative strengths of two acids 
in solution or two bases in solution, therefore, can be compared only when 
the two solutions have the same concentration. 


® 1o.3 Solutions Can Be Acidic, Basic, or Neutral 


substance whose ability to behave as an acid is about the same as its abil- 

ity to behave as a base ¡s said to be amphoteric. Ñater is a good example. 
Because it is amphoteric, water has the ability to react with itself. In behaving as 
an acid, a water molecule donates a hydrogen ion to a neighboring water mole- 
cule, which in accepting the hydrogen ion is behaving as a base. This reaction 
produces a hydroxide ion and a hydronium ion, which react together to re-form 
the water: 


ấố e se 2 
HUO%©+ TU,Ð ==' OH” + H0” 


Water Water Hydroxide Hydronium 
ion ion 


Erom this reaction we can see that, in order for a water molecule to gain a 
hydrogen ion, a second water molecule must lose a hydrogen ion. This means 
that for every one hydronium ion formed, there is also one hydroxide ion 
formed. In pure water, therefore, the total number of hydronium Ions must be 
the same as the total number of hydroxide ions. Experiments reveal that the 
concentration of hydronium and hydroxide ions In pure water ¡$ extremely 
low—about 0.0000001 4⁄ for each, where Ä⁄ stands for molarity or moles per 
liter (Section 7.2). Water by itself, therefore, is a very weak acid as welÏ as a very 
weak base, as evidenced by the unlit lightbulb in Figure 10.9a. 


cK 


Do water molecules react with one another? 


Was thỉs your answer? Yes, but not to any large extent.When they do react, 
they form hydronium and hydroxide ions. (Nofe: Make sure you understand 
this point because it serves as a basis for mmost of the rest of the chapter.) 


Eurther experiments reveal an interesting rule pertaining to the concentra- 
tions ofhydronium and hydroxide lons in any solution that contains water. The 
concentration of hydronium ions in any aqueous solution multiplied by the 
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concentration of the hydroxide Ions in the solution always equals the constant 


Ẩ, 


202 


concentration HO” x concentration ÔH = X„= 0.00000000000001 


which is a very, very small number: 


Concentration is usually given as molarity, which 1s indicated by abbreviating 
this equaton using brackets: 


[H;O”] x [OHT] = K„= 0.00000000000001 


t2 


The brackets mean this equation ¡s read “the molarity oF HạO” times the molar- 
iy oFOH” equals K„.” Writing in scientifc notation (see Appendix Ä), we have 


[H„O*][OH-"] = X„= 1.0 x 1014 


Eor pure water, the value of Ấ„ ¡is the concentration of hydronium Ions, 
0.0000001 4⁄, multiplied by the concentration of hydroxide ions, 0.0000001 3, 


which can be written ¡n scientifc notation as 
IL98%10 “TI/0x10 1= ,=1L0x10° 


The constant value of Ấ1„¡s quite significant because it means that, 720 74/7 
1Ubaf 1 dlissoluedl 7 the 10af, the product oŸ the hydronium ion and hydroxide 
ion concentrations always equals 1.0 x 10”!Ý. This means that ¡f the concentra- 
tồn of HạO" goes up, the concentration of ÔH” must go down so that the 
product of the two remains 1.0 x 10 !4, 

Suppose, for example, that a small amount of HC] ¡s added to pure water to 
increase the concentration of hydronium ions to 1.0 x 10 4. (Be sure to see 
Appendix A iƒyouTre confused as to how 10 ” ¡s larger than 10.) The hydrox- 
ide ion concentration decreases to 1.0 < 107” Ä⁄so that the product of the two 
remains equal to K„= 1.0 10”!Ý: 


HE |HOHTI=K =Luxsin” 
#10 ]Jñ1.0xf1?P )=#, =L0x10^ 
[1.0 x 10 ”][I.0 x107?]= #„ = 1.0 x10 15 


pure water 


HCI added 


The hydroxide ion concentration goes down because some of the hydroxide Ions 
from the water are neutralized by the added hydronium ions from the HC], as 
shown in Figure 10.10b. In a similar manner, adding a base to water Increases 
the hydroxide ion concentration. The response is a decrease in the hydronium 
lon concentration as hydronium ions from the water become neutralized by the 
added hydroxide Ions from the base, as shown ¡in Eigure 10.10c. The net result is 
that the product of the hydronium and hydroxide ion concentrations ¡s always 
equal to the constant Ấ„„= 1.0 x 101, 


cK 


1. In pure water, the hydroxide ion concentration is 1.o x 1O” M1. What is the 
hydronium ion concentration? 

2.. What is the concentration of hydronium ions ïn a solution ïf the concen- 
tration of hydroxide ions ïs 1.O x 103 M3 


Were these your answers? 
1. 1O X10” /,because ïn pure water [H.O”*] = [OH]. 
2. 1.O1GO“” @1,because [H.O?][OH"] must equal 1.o x 1© ”* = Kự„ 


An aqueous solution can be described as acidic, basic, or neutral, as Figure 


10.11 summarizes. An acidic solution ¡s one ¡in which the hydronium ion 


{y1 


s The outer surface of haïr is made 


of microscopic scalelike struc- 
tures called cuticles that, like 
window shutters, are able to 
open and close. Alkaline solutions 
cause the cuticles to open up, 
which makes the haïr “porous.” 
Acidic solutions cause the cuti- 
cles to close down, which makes 
the haïr “resistant.”A beautician 
can control how long haïr retains 
artificial coloring by modifying 
the pH of the hair-coloring solu- 
tion.With an acidic solution, the 
cuticles close shut so that the dye 
binds only to the outside of each 
shaft of haïr. This results in a tem- 
porary haïr coloring, which may 
come off with the next hair 
washing. Using an alkaline solu- 
tion, the dye is able to penetrate 
through the cuticles into the haïr 
for a more permanent effect. 


¡_MORE TO EXPLORE: 


http://pubs.acs.org/cen/ 
whatstuff/stuff/8o1ssci3.html 
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(a) 


Neutral water 


Equal numbers 
of H;O” and OH~ 


Concentrated 
HCl(aq) 
— + 


9® Ác ở 


Concentrated | 
NaOH(aq) 
TT == 


so 


Acid added Base added 


Hydronium and 
chloride ions from 
adding HCI 


Hydroxide and 
sodium ions 
from adding NaOH 


tụ 
V7) I 
, 


s'Ncđúalbay “ 
c”= Ứon ả 


More H;:O” than OH~ More OH~ than H;O”* 
after HCl addition after NaOH addition 
(b) (c) 


_FIGURE 10.10 


(a) Neutral water contains as many hydronium Ions as hydroxide ions. (b) When the 


- acid HCI ¡s added to water, hydronium Ions from the added HC] neutralize hydroxide 


_FIGURE 10.11 


“The relative concentrations of 
hydronium and hydroxide ions 
determine whether a solution ¡s 
acidic, basic, or neutral. 


lons from the water, thereby decreasing the hydroxide ion concentration. (c) Ñ/hen the 
base NaOH ¡s added to water, the added hydroxide ions neutralize hydronium ions 
from the water, thereby decreasing the hydronium ion concentration. 


pH 
basic lệ, 


neutral 7 
acidic 0 


In a neutral solution 
[H;O”]= [OH”] 


pH 
basic ' 


neutral 7 
acidic 0 


In an acidic solution 


[H;O”] >[oH”] 


pH 
basic . 
7 


In a basic solution 
IH,O*]< [OH_] 


neutral 


acidic 0 


10.3 


concentration ¡s hipher than the hydroxide ion concentration. An acidic solu- 
tion is made by adding an acid to water. The effect of this addition ¡s to 
increase the concentration of hydronium ions, which necessarily decreases the 
concentration ofhydroxide ions. A basic solution ¡s one in which the hydrox- 
ide lon concentration 1s higher than the hydronium Ion concentration. Á basic 
solution is made by adding a base to water. This addition increases the con- 
centration of hydroxide ions, which necessarily decreases the concentration of 
hydronium ions. Á neutral solution ¡s one in which the hydronium ion con- 
centration cquals the hydroxide ion concentration. Pure water is an example 
o£a neutral solution——not because it contains so few hydronium and hydrox- 
ide ions, but because it contains equal numbers of them. A neutral solution is 
also obtained when equal quantities of acid and base are combined, which ¡s 
why acids and bases are said to 7/zz/z cach other. 


cK 


How does addïng ammonia, NH.,to water make a basic solution when there 
are no hydroxide ions ïn the formula for ammonia? 


Was thỉs your answer? Ammonia indirectly increases the hydroxide ion 
concentration by reacting with water: 


NH, +H,O —> NH,* +OH” 


This reaction raises the hydroxide ion concentration, which has the effect of 
lowering the hydronïium ion concentration. Wïth the hydroxide ion concen- 
tration now higher than the hydronium ion concentration, the solution is 
basic. 


THE pH SCALE IS USED TO DESCRIBE ACIDITY 


The Ø#7 sez/£ is a numeric scale used to express the acidity ofa solution. Mathe- 
matically, pH ¡s equal to the negative of the base-10 logarithm of the hydro- 


nium Ion concentration: 
pH =-log[H;O'"] 


Note again that brackets are used to represent molar concentrations, meaning 
[H;O”"] is read “the molar concentration of hydronium ions.” For understand- 
¡ng the logarithm function, see the Calculation Corner on page 344. 

Consider a neutral solution that has a hydronium ion concentration of 
1.0 x 107” 4. To ñnd the pH of this solution, we first take the logarithm of 
this value, which is —7 (see the Calculation Corner on logarithms). The pH ïs, 
by deRnition, the negative of this value, which means —(—7) = +7. Hence, in a 
neutral solution, where the hydronium ion concentration equals 1.0 x 10” Ä, 
the pH ¡s 7. 

Acidic solutions have pH values less than 7. For an acidic solution In 
which the hydronium ion concentration is 1.0 x 107Ý Ä⁄, for example, pH = 
—log(1.0 x 10”) = 4. The more acidic a solution is, the greater its hydronium 
lon conccnrration and the lower its pH. 

Basic solutions have pH values greater than 7. For a basic solution In 
which the hydronium ion concentration ¡s 1.0 x 10 Ä⁄, for example, pH = 
—log(1.0 x 10”) = 8. The more basic a solution ¡s, the smaller irs hydronium 
1on conccntration and the higher its pH. 

EFigure 10.12 shows typical pH values of some familiar solutions, and Eigure 
10.13 shows two common ways of determining pHI values. 


Acidic 


1” 
Neutral 10-7 
10-8 
109 


1019 


Basic 
s 


FIGURE 10.12 
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Concentrated HCI 


Battery acid 


Lemon juice 


Vinegar 
Soft drink 
Beer 


Tomato 


Coffee 
Urine 
Rainwater 


Milk 

Saliva 

Pure water 
Blood 
Seawater 
Baking soda 


Soap 


Ammonia 


Hair remover 


Oven cleaner 


-_ The pH values of some common 


solutions. 
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_FIGURE 10.13 


(a) The pH ofa solution can be measured electronically using a pH meter. (b) A 
roueh estimate of the pH ofa solution can be obtained with litmus paper, which is 
coated with a dye that changes color with pH. 


LOGARITHMS AND pH 


#4 The logarithm of a nurmnber can be found on any scien- 
tific calculator by typing ïn the number and pressing 
the [log] button. What the calculator does is find the 
power to which 1o is raised to give the nurmnber. The loga- 
rithm of 1o?, for example, is 2 because that is the power 
to which 1o ïs raised to give the nurmnber 1o°. lf you know 
that 1o? ïs equal to 1oo, then you'TÏ understand that the 
logarithm of 1oo also is 2. Check this out on your calcula- 
tor. Similarly, the logarithm of 1ooo is 3 because 1O 
raised to the third power, 103, equals 1ooo. 


ny positive number,including a very small one, has a 

logarithm. The logarithm of o.ooo1 = 1oˆ*,for example, 

1s =4 (the power to which 1o ïs raised to equal this 
number). 


EXAMPLE 
Whatis the logarithm of o.O1? 


ANSWER 


The number o.o1ïs 1o? (see Appendix A), the logarithm of 
which ïs —2 (the power to which 1o ïs raised). 

The concentration of hydronium ions in most solutions 
1s typically much less than 1 AI. Recall,for exarmmple, that ïn 
neutral water the hydronium ion concentration is 
O.OOOooo1 A1 (to 7 M). The logarithm of any number 
| smaller than 1 (but greater than o) is a negative number. 


The definition of pHincludes the mỉnus sign so as to 
transform the logarithm of the hydronïium ion concentra- 
tion to a positive number. 

When a solution has a hydronium ion concentration of 
1, the pHïs o because 1M = 1OP AM. A 1o M1 solution has a 
pH of—1 because 1o AI = 1O' M. 


EXAMPLE 


What is the pH of a solution that has a hydronïium ïon con- 
centration of o.oo1 M? 


ANSWER 


The number o.Oo1 is 1O”3,and so 


pH = -log[H,O”] 


=-logio 3 
=1 1< 
YOUR TURN 


1. Whatis the logarithm of1o?? 
2.. Whatis the logarithm of1oo,ooo? 


3.. Whatis the pH of a solution having a hydronium ion 
concentration of 1o~9 M2 Is this solution acidic, basỉc, or 
neutral? 


Answers to Calculation Corners appear at the end oƒ each chapter. 


he pH ofa solution can be 

approximated with a pH 

indicator, which is any chemical 
whose color changes with pH. Many 
pH ndicators are found in plants; 
the pigment of red cabbage is a good 
example. This pigment is red at low 
pH values (1 to 5), light purple around 


10.4 RAINWATER IS ACIDIC AND OCEAN WATER IS BASIC 


RAINBOW CABBACE l 


the resulting solution would gener- 
ate harmful chlorine gas. 


WHAT YOU NEED 


Head of red cabbage, small pot, 
water, four colorless plastic cups or 
drinking glasses, toilet bow] cleaner, 
Vinegar, baking soda,ammonia 
cleanser. 


3. Add a small amount of toilet bowl 
cleaner to the first cup, a small 
amournt of vinegar to the second 
cup, baking soda to the third,and 
ammornia solution to the fourth. 


4. Use the different colors to esti- 
mate the pH of each solution. 


5. Mix some ofthe acidic and basic 
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neutral pH values (6 to 7), light green 
at moderately alkaline pH values 

(8 to 11), and dark green at very alka- 
line pH values (12 to 14). 


solutions together and note the 
rapid change ïn pH (indicated by 
the change ïn color). 


PROCEDURE 


1. Shred about a quarter of the head 
of red cabbage and boiïl the shred- 
ded cabbage in 2 cups of water for 
about s minutes. Straïn and col- 
lect the broth,which contaiïns the 
pH-indicating pigmert. 


SAFETY NOTE 


Wear safety glasses. Do not use 
bleach products because they wil] 
oxidize the pigment, rendering it 
insensitive to any changes in pH.You 2.. Pourone-fourth of the broth ïinto 
also do not want to run the risk of each cup. (lfthe cups are plastic, 
accidentally mixing a bleach solution either allow the broth to cool before 
with the toilet bowl cleaner because pouring or dilute with cold water.) 


5® 1o.4 Rainwater ls Acidic and Ocean Water Is Basic 


ainwater is naturally acidic. One source of this acidity is carbon dioxide, 
the same gas that gives ñzz to soda drinks. There are about 810 billion 
tons o£ CO, ¡n the atmosphere, most ofit (about 675 billion tons) from natural 
sources such as volcanoes and decaying organic matter but a growing amount 
(about 135 billion tons) from human activities. 

WWater in the atmosphere reacts with carbon dioxide to form c2zø/e ac/⁄Ẻ 


CO;()+H;O() —> H;CO¿(aq) 


Carbon NWater Carbonic 
dioxide acid 


Carbonic acid, as is name implies, behaves as an acid and lowers the pH of 
water. The CO, in the atmosphere brings the pH of rainwater to about 5.6— 
noticeably below the neutral pH value of 7. Because of local Ñuctuations, the 
normal pH of rainwater varies between 5 and 7. This natural acidity of rainwa- 
ter may accelerate the erosion of land and, under the ripht circumstances, can 
lead to the formation of underground caves, as was discussed In this chapterS 
1ntroduction. 

By conventlon, Z£// 77 1s a term used for rain having a pH lower than 5. 
Acid rain is created when airborne pollutants such as sulfur dioxide are absorbed 
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by atmospheric moisture. Sulfur dioxide ¡s readily converted to sulfur trioxide, 
which reacts with water to form z⁄/fz7c ac/⁄È 


29J.p) +: Quận) => 2 SO,() 
Sulfur Oxygen Sulfur 


dioxide trioxide 


SOz@) + HO) —> H,SO,§aq) 


Sulfur Oxygen Sulfuric 
trioxide acid 


As noted at the beginning of the chapter, the sulfuric acid that helped create 
the great chambers of Carlsbad Caverns was generated from sulfur dioxide 
(and hydrogen sulfide) from subterranean fossil fuel deposits. hen we burn 
these fossil fuels, the reactants that produce sulfuric acid are emitted into the 
atmosphere. Each year, for example, about 20 million tons of SỐ; ¡s released 
Iinto the atmosphere by the combustion o£ sulfur-containing coal and oil. 
Sulfuric acid ¡is much stronger than carbonic acid, and as a result rain laced 
with sulfuric acid eventually corrodes metal, paint, and other exposed sub- 
stances. Each year the damage costs billions of dollars. The cost to the envi- 
ronment ¡s also high (Figure 10.14). Many rivers and lakes receiving acid 
rain become less capable of sustaining life. Much vegetation that receives acid 
rain doesnt survive. This is particularly evident in heavily industrialized 
r€Ø1IOns. 


(a) 


_FIGURE 10.14 


- The two photographs in (a) show the same obelisk before and after the effects of 

-_ acid rain. (b) Many forests downwind from heavily industrialized areas, such as in 
the northeastern United States and ¡n Europe, have been noticeably hard-hit by acid 
rain. 
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When sulfuric acid, H,SO,,ïs added to water, what makes the resulting 
aqueous solution corrosive? 


Was thỉs your answer? Because H,SO, is a strong acid, it readily forms 
hydronium ions when dissolved ïn water. Hydronium ions are responsible 
for the corrosive action. 


The environmental impact of acid rain depends on local geology, as Figure 
10.15 illustrates. In certain repions, such as the midwestern United States, the 
ground contains significant quantities of the alkaline compound calcium car- 
bonate (limestone), deposited when these lands were submerged under oceans 


Rain is acidified as it 
falls through the air. 


@) Acid enters lake from rain. 


@) Hydronium ions are neutralized 
by calcium carbonate released  j 
from limestone. 


| Limestone 


2 HạO? + CaCO, —> 3 H;O + CO; + Ca2* 


Rain is acidified as it 
falls through the air. 


2) Acid enters lake from rain. 


@) Hydronium ion concentration 
increases, with potenrtial 
harm to the ecosystem. 
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(b) Granite rock 


FIGURE 10.15 


| 


- (a) The damaging effects of acid rain do not appear In bodies of fresh water lined 
ị * * * h ¬ - * 

- with calcium carbonate, which neutralizes any acidity. (b) Lakes and rivers [ined 
_ with inert materials are not protected. 


CHAPTER 10 


348 


'10.16 


Most chalks are made from cal- 
cium carbonate, which ¡s the 
same chemical found ¡in lime- 
stone. The addition of even a 
weak acid, such as the acetic acid 
Of vinegar, produces hydronium 
lons that react with the calcium 
carbonate to form several prod- 
ucts, the most notable being car- 
bon dioxide, which rapidly 
bubbles out ofsolution. Try this 
for yourself! IF the bubbling ¡s 
not as vigorous as shown here, 
then the chalk ¡is made of other 
mineral components. 


 = 


s_Acid rain remains a serious prob- 

__ lemin many regions of the world. 
Significant progress, however, 
has been made towards fixing 
the problem. In the United States, 
for example, sulfur dioxide and 
nitrogen oxide emissions have 
been reduced by nearly half since 
198o. Also,ïn 2aoos, the EPA imple- 
mented the Clean Air Interstate 
Rule (CAIR), which is designed to 
reduce levels of these pollutants 
even further especially for areas 
downwind of heavily industrial- 
ized regions. 

MORE TO EXPLORE: 
WwWww.epa.gov/airmarkets/arp/ 
overview.html 
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200 million years ago. Acid rain pouring into these regions is often neutralized 
by the calcium carbonate before any damage is done. (Figure 10.16 shows cal- 
cium carbonate neutralizing an acid.) In the northeastern United States and 
many other reglons, however, the ground contains very little calcium carbon- 
ate and ¡is composed primarily of chemically less reactive materials, such as 
granite. In these regions, the effect ofacid rain on lakes and rivers accumulates. 

One demonstrated solution to this problem ¡s to raise the pH of acidified 
lakes and rivers by adding calcium carbonate—a process known as /77zø. The 
Cost Of transporting the calcium carbonate coupled with the need to monitor 
treated water systems closely limits liming to only a small fraction of the vast 
number of water systems already affected. Furthermore, as acid rain continues 
to pour into these repions, the need to lime also continues. 

A longer-term solution to acid rain is to prevent most of the generated sulfur 
dioxide and other pollutants from entering the atmosphere in the first place. 
Toward this end, smokestacks have been designed or retrofitted to minimize the 
quantities of pollutants released. Though costly, the positive effects of these 
adjustments have been demonstrated, as we discuss in Section 17.2. An ultimate 
long-term solution, however, would be a shift from fossil fuels to cleaner energy 
sources, such as nuclear and solar energy, as we discuss in Chapter 19. 


What kind of lakes are protected against the negative effects of acid raïn? 


Was this your answer? Lakes that have a floor consisting of basic miner- 
als, such as limestone, are more resistant to acid rain because the chemi- 
cals of the ]imestone (mostly calcium carbonate, CaCO.,) neutralize any 
ïncoming acid. 


It should come as no surprise that the amount of carbon dioxide put into the 
atmosphere by human activities is growing. Ñhat is surprising, however, Is that 
studies indicate that the atmospheric concentration o£ CO; is not increasing 
proportionately. A likely explanatlon has to do with the oceans and ¡s illustrated 
in Figure 10.17. hen atmospheric CO; dissolves in any body of water—a 
raindrop, a lake, or the ocean—it forms carbonic acid. Ín fresh water, this car- 
bonic acid transforms back to water and carbon dioxide, which ¡s released back 
into the atmosphere. Carbonic acid in the ocean, however, is quickly neutral- 
1zed by dissolved alkaline substances such as calcium carbonate (the ocean is 
alkaline, pH ~ 8.2). The products of this neutralization eventually end up on 
the ocean ñoor as insoluble solids. Thus carbonic acid neutralization in the 
ocean prevents CO; from being released back into the atmosphere. The ocean 
therefore is a carbon dioxide s7z—most of the CO; that goes in doesnt come 
out. So, pushing more CO, into our atmosphere means pushing more ofit into 
our vast oceans. This is another of the many ways in which the oceans repulate 
our global environment. 

Nevertheless, as Figure 10.18 shows, the concentration ofatmospheric CO, 7 
Increasing. Carbon dioxide is being produced faster than the ocean can absorb it, 
and this may alter Earths environment. Carbon dioxide is a øz£z7zøsc øzs, which 
means it heÌps keep the surface of Earth warm by preventing Infrared radiation from 
escaping Into outer space. Ñ/ithout greenhouse øases In the atmosphere, Earth§ sur- 
fáce would average a frigid —18°C. However, with Increasing concentration ofCO„ 
¡n the armosphere, we might experlence hipher average temperatures. Higher tem- 
peratures may sienificantly alter global weather patterns as welÏ as raise the averape 
sea level as the polar ice caps melt and the volume of seawater Increases because of 
thermal expansion. Global warming is explored in more detail in Secton 17.4. 
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Carbon dioxide 
is absorbed 
and released. 


- f CO; 


TETTITEWEEETTETMTTE 


Carbon dioxide 
is absorbed. 


CO Đà, 


Ocean pH=8.2 


HJÈO 4 0IG0u => (a(CC | 


Deposits on ocean floor 


FIGURE 10.17 


- Carbon dioxide forms carbonic acid upon entering any body ofwater. In fresh 
-_ water, this reaction ¡s reversible, and the carbon dioxide ¡s released back into the 


atmosphere. In the alkaline ocean, the carbonic acid ¡s neutralized to compounds 
such as calcium bicarbonate, Ca(HCO;) ;, which precipitate to the ocean foor. As a 
result, most of the atmospheric carbon dioxide that enters our oceans stays there. 


CO; concentration (ppm*) 


| an .: nnnncnc 
1957 1960 1970 1980 1990 2000 2005 


* ppm = parts per million, which tells us the number of carbon 
dioxide molecules for every million molecules of air. 


FIGURE 10.18 


Researchers at the Mauna Loa Weather Observatory in Hawali have recorded 


-_ Increasing concentrations ofatmospheric carbon dioxide since they began collecting 


data in the 1950s. This famous graph is known as the Keeling curve, after the scien- 
tist, Charles Keeling, who initiated this project and first noted the trends. Interest- 
ingly, the oscillations within the Keeling curve refect seasonal changes in CO, 
levels. 
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So we ñnd that the pH ofrain depends, in great part, on the concentration of 
atmospheric CO;, which depends on the pH of the oceans. These systems are 
interconnected with elobal temperatures, which naturally connect to the count- 
less living systems on Earth. How true ¡t is—all the parts are intricateÌy con- 
nected, down ro the level oFatoms and molecules! 


® 1o.sBuffer Solutions Resist Changes ïn pH 


H buffer solution ¡s any solution that resists large changes in pH. Buffer 
solutions work by containing two components. Qne component neu- 
tralizes any added base, and the other neutralizes any added acid. Effective 
buffer solutions can be prepared by mixing a weak acid with a salt of the weak 
acid. An example would be a mixture of acetic acid, C,H„O;, and sodium 
acetate, NaC„HxO;. This salt can be made by reacting acetic acid with sodium 
hydroxide. 


lộ)! TP | 
G==@ + NaOH —> (0= + HO 
HC S)iWV 1 (1 ni H j4 rên" š 
H lãi 
Acetic acid Sodium acetate 
(weak acid) (salt of weak acid) 


To make the buffer solution, a solution of acetic acid and a solution of 
sodium acetate are combined. To understand how this buffer solution resists 
changes in pH, frst recall what happens when a strong acid ¡s added to plain 
water, as in Figure 10.10b. The pH of the solution quickly Z£ez¿2ses because the 
concentration of hydronium ions increases. Add a strong base to plain water, 
and you quickly 7ezezse the pH by decreasing the relative concentration of 
hydronium Ions, as in Figure 10. 10c. 

Add the strong acid HCI to an acetic acid—sodium acetate buffer solution, 
however, and the H” ions produced by the HCI do not stay in solution to 
lower the pH because they react with the acetate ions, C„HzO,„ˆ, of sodium 
acetate to form acetic acid, as shown in Figure 10.19. (Remember that acetic 
acid, being a weak acid, stays mostÌy in its molecular form, HC,H;O;, and 
so does not contribute hydronium lons to the solution.) Add the strong 
base NaOH to the acetic acid—sodium acetate buffer solution, and the OH” 
ions produced by the NaOH do not stay in solution to raise the pH because 
they combine with H” ions from the acetic acid to form water, as shown in 
Figure 10.20. 

So, strong bases and acids are neutralized by the components of a buffer 
solution. This does not mean that the pH remains unchanged, however. 
When NaOH ¡s added to the buffer system we are using as our example, 
sodium acetate is produced. Because sodium acetate behaves as a weak base (it 
accepts hydrogen ions but not very well), there is a sÏight increase in pH. 
WWhen HCTI ¡s added, acetic acid is produced. Because acetic acid behaves as a 
weak acid, there ¡s a slight decrease in pH. Buffer solutions therefore resist 
only /zzee changes in pH. 
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Sodium 
Acetic acid chloride 
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IỆN: 

H 
Acetic acid 
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Sodium acetat® 


FIGURE 10.19 


- Hydrochloric acid added to a solution containing acetic acid and sodium acetate ¡s 
-_ neutralized by the sodium acetate to form additional acetic acid. 
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FIGURE 10.20 


- Sodium hydroxide addcd to a solution containing acetic acid and sodium acetate 1s 
neutralized by the acetic acid to form additional sodium acetate and water. 
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lự#ưP acid and sodium bicar- 
bonate. 


(a) Hold your breath, and CO, 
builds up in your bloodstream. 
This increases the amount of car- 
bonic acid, which lowers your 
blood pH. (b) Hyperventilate 
and the amount of CO; ¡n your 
bloodstream decreases. This 
decreases the amount of carbonic 
acid, which raises your blood 
pH. 


©) 
| l) 
@ 
` Ni 
HO = O<H H—O O-NaT 
Carbonic acid Sodium bicarbonate 
(weak acid) (salt) 


=.. 


Why must a buffer solution consist of at least two đissolved components? 


Was this your answer? One component is needed to neutralize any incoming 
acid, and the second cormnponernt is needed to neutralize any incoming base. 


There are many different buffer systems useful for maintaining particular pH 
values. The acetic acid—sodium acetate system is good for maintaining a pH 
around 4.8. Buffer solutions containing equal mixtures ofa weak base and a salt 
of that weak base maintain alkaline pH values. For example, a buffer solution of 
the weak base ammonia, NH;, and ammonium chloride, NH„C], is useful for 
maintaining a pH about 9.3. 

Blood has several buffer systems that work together to maintain a narrow pH 
range between 7.35 and 7.45. A pH value above or below these levels can be 
lethal, primarily because cellular proteins become Z/272/zz¿Z, which is what hap- 
pens to milk when vinegar is added to ¡t. The primary buffer system of the blood 
is a combination of carbonic acid and its salt, sodium bicarbonate, shown in 
Eigure 10.21. Any acid that builds up in the bloodstream ¡s neutralized by the 
basic action ofsodium bicarbonate, and any base that builds up is neutralized by 
the carbonic acid. 

The carbonic acid in your blood is formed as the carbon dioxide produced by 
your cells enters the bloodstream and reacts with water—this is the same reac- 
tion that occurs in a raindrop, as we discussed earlier. You fne-tune the levels of 
blood carbonic acid, and hence your blood pH, by your breathing rate, as Figure 
10.22 illustrates. Breathe too slowly or hold your breath and the amount oŸ car- 
bon dioxide (and hence carbonic acid) builds up, causing a slipht but signiRicant 


drop in pH. Hyperventilate and the carbonic acid level decreases, causing a 
slight but significant increase in pH. Your body uses this mechanism to protect 
itself from changes ¡in blood pH. One of the symptoms of a severe overdose of 
aspirin, for example, is hyperventilation. Aspirin, also known as acetylsalicylic 
acid, is an acidic chemical that when taken in large amounts can overwhelm the 
blood buffering system, causing a dangerous drop ¡in blood pH. As you hyper- 
ventilate, however, your body loses carbonic acid, which helps to maintain the 
proper blood pH despite the overabundance of the acidic aspirin. 


5 In Perspective 


o summarize the concepts of this chapter, consider the gardener shown In 
Eigure 10.23. Using a pH-measuring kít, the gardener has found that the soil 

pH is unacceptably low, perhaps because of local atrmospheric pollutants, which 
may arise from natural or human-made sources. At this low pH], the soil contains 
an overabundance ofhydronium ions, which react with many of the basic nutrients 
ofthe soil, such as ammonia, to form water-soluble salts. Because oftheir water sol- 
ubility, these nutrients in their salt form are readily washed away with the rainwater, 
and as a result the soil becomes nutrient-poor. The mechanism by which plants 
absorb whatever nutrients do remain ¡n the soil is also disturbed by the soils low 
pH. As a result ofall this, most plants do not grow well in acidic soil. To remedy 
this, the gardener spreads powdered limestone, a form of calcium carbonate, 
CaCO;, which neutralizes the hydronium ïons, thus raising the pH toward neutral. 
Interestingly, the calcium carbonate reacts with the acidic soil to form carbon 
dioxide gas, which in the atmosphere helps to keep rainwater slightly acidic. 
Thịs is the same gas that ¡is generated by the cells of our bodies and tends to acid- 
Ify our blood. The blood pH, however, 1s kept fairly constant at around 7.4 


because ¡t is buffered. 


KEY TERMS 


Acid A substance that donates hydrogen Ions. 
Base A substance that accepts hydrogen Ions. : 

Concentration. 
Hydronium ion A water molecule after accepting a 
hydrogen ion. 


Hydroxide ion A water molecule after losing a Concentration. 
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FIGURE 10.23 


Raising the pH ofgarden soil by 
the addition ofan alkaline min- 
cral is known as liming. 


Basic soluton A solution in which the hydroxide ion 
concentration Is hipher than the hydronium Ion 


Neutral soluton A solution in which the hydronium 
Ion concentration is equal to the hydroxide ion 


hydrogen ion. 


Salt An ionic compound formed from the reaction 
between an acid and a base. 


Neutralization A reaction in which an acid and base 
combine to form a saÌÏt. 


Amphoteric A description ofa substance that can 
behave as either an acid or a base. 


Acidic soluton A solution in which the hydronium 
ion concentration ¡s higher than the hydroxide ion 
COnCentration. 


pH A measure of the acidity ofa solution, equal to the 
negative of the base-10 logarithm of the hydronium ion 
COncentration. 


Buffer solution A solution that resists large changcs In 
pH. made from either a weak acid and one oŸits saÏts or 
a weak base and one of ts salts. 
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' CHAPTER HIGHLIGHTS 


Ị 


ACIDS DONATE AND BASES ACCEPT 
POSITIVE CHARGE 


1. What are the Brønsted-Lowry defnitions ofacid 


and base? 


2. When an acid ¡s dissolved in water, what ion does 
the water form? 


3. ÑWhen a chemical loses a hydrogen ion, is it behaving 
as an acid or a base? 


4. What is the Lewis defnition ofan acid and base? 


5. Which defnition ofacids and bases is more universal: 


the Brønsted-Lowry deRnition or the Lewis deinition? 
6. Does a salt always contain sodium Ions? 

7. What two classes of chemicals are involved in a neu- 
tralization reaction? 


SOME ACIDS AND BASES ARE STRONGER 
THAN OTHERS 


8. What does it mean to say that an acid ïs strong in 
aqueous solution? 


9. hat happens to most ofthe molecules ofa strong 
acid when the acid ¡is mixed with water? 


10. Why does a solution ofa strong acid conduct elec- 
tricity better than a solution ofa weak acid having the 
Same concentration? 


11. Which has a greater ability to accept hydrogen Ions: 
a strong base or a weak base? 


12. When can a solution ofa weak base be more corro- 
sive than a solution oFa strong base? 


SOLUTIONS CAN BE ACIDIC, BASIC, 
OR NEUTRAL 


13. Ïs it possible for a chemical to behave as an acid in 
one instance and as a base in another instance? 


14. Ís water a strong acid or a weak acid? 


15. Is K,„a very large or a very small number? 


16. As the concentration of HO" ions in an aqucous 
solution increases, what happens to the concentratlon 
ofOH ions? 


17. What is true about the relative concentrations of 
hydronium and hydroxide Ions in an acidic solution? 
How about a neutral solution? Á basic solution? 


18. What does the pH ofa solution indicate? 


19. As the hydronium Ion concentration ofa solution 
increases, does the pH of the solution increase or 
decrease? 


RAINWATER IS ACIDIC AND OCEAN WATER 
IS BASIC 


20. What ¡s the product of the reaction between carbon 
dioxide and water? 


21. How can rain be acidic and yet not qualify as acid 
rain? 


22. What does sulfur dioxide have to do with acid rain? 


23. How do humans generate the air pollutant sulfur 
dioxide? 


24. How does one lime a lake? 


25. Why arent atmospheric levels of carbon dioxide rising 
as rapidly as might be expected based on the increased 
output ofcarbon dioxide resulting from human activities? 


BUFFER SOLUTIONS RESIST CHANGES IN pH 
26. What is a buffer solution? 


27. A strong acid quickly drops the pH when added to 
water. Not so when added to a buffer solution. hy? 


28. Do buffer solutlons øzøz#or 7z/bzzchanges in pH? 
29. Why is ït so important that the pH ofour blood be 


maintained within a narrow range ofvalues? 


30. Holding your breath causes the pH ofyour blood 
to decrease. hy? 
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31.® Sugsest an explanation for why people once 
washed thetr hands with ashes. 


32. ® What is the relationship between a hydroxide 
ion and a water molecule? 


33. ® An acid and a base react to form a salt, which 
COnsists Of positive and negative Ions. Which forms the 
positive Ions: the acid or the base? Wh¡ch forms the 
n€øatIve Ions? 


34. ® \Water ¡is formed from the reaction berween an 
acid and a basc. Ñhy is water not classiied as a salt? 


35. ® What atom ¡in the hydronium ion, H;©*, bears 
the positive charge? 


36. ® What atom ¡n the hydroxide ion, OH, bears 


the negative charge? 


37. ® What atom in the ammonium ion, NH¿', bears 
the positive charge? 


38. ® Nhat atom ¡n the bicarbonate ion, HCO,”, 


bears the negative charge? 


39. # Identify the acid or base behavior of each sub- 


stance In these reactions: 
a.HạO'+CIL Sš H;O+HCI 


b. HạPO,+HạO © H;O'+HPO,- 


40. # Identify the acid or base behavior of cach sub- 
stance ¡in these reactions: 


a.HSO/ +HạO  OH-+H,SO, 


b. OZ+H,O ©S OH-:+OH- 


41. Sodium hydroxide, NaOH, is a strong base, 
which means it readily accepts hydrogen ions. What 
Products are formed when sodium hydroxide accepts a 
hydrogen ion from a water molecule? 


42. ® What happens to the corrosive properties of an 
acid and a base after they neutralize cach other? Why? 


43. 4 What does the value of „say about the extent 
to which water molecules react with one another? 


44. ® Why do we use the pH scale to indicate the acid- 
Ity o£a soluton rather than simply stating the concen- 
tration ofhydronium Ions? 


45. ® The amphoteric reaction between two water 
molecules is endothermic, which means the reaction 
requires the input of heat energy in order to proceed: 


enerey + HO +H;O —> H;O'*+OH” 


The warmer the water, the more heat energy ¡s available 
for this reaction, and the more hydronium and hydrox- 
Ide Ions are formed. 


a. Does the value of K,„increase, decrease, or stay the 
same with Increasing temperature? 

b. Which has a lower pH: pure water that is hot or 
pure water that ¡s cold? 

c. Ís it possible for water to be neutral but have a pH 
less than or greater than 7.0? 
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4ó. # The pOH scale indicates the “basicity” ofa solu- 
tlon, where pOH = —log[OH]. For any solution, what 
is the sum pH + pOH always cqual to? 


47. 8 When the hydronium ion concentration ofa 
solution equals 1 mole per liter, what is the pH of the 
solution? Is the solution acidic or basic? 


48. 4 When the hydronium ion concentration ofa 
solution equals 10 moles per liter, what ¡s the pH of the 
solution? Is the solution acidic or basic? 


49. $ What ¡s the concentration ofhydronium Ions in 
a solution that has a pH of—3? Why ¡s such a solution 
impossible to prepare? 


50. #4 What happens to the pH ofan acidic solution as 
pure water 1s added? 


51. A weak acid ¡s added to a concentrated solution 
o£hydrochloric acid. Does the solution become more 
or less acidic? 


52. 8 Can an acidic solution be made less acidic by 
adding an acidic solution? 


53. Can an acid and a base react to form an acid? 


54. ® Many of the smelly molecules of cooked fish are 
alkaline compounds. How might these smelly mole- 
cules be conveniently transformed into less smelly salts 
just prlor to eating the fish? 


55. # Acetic acid, shown here, has four hydrogen 
atoms——one bonded to an oxygen and three bonded to 
a carbon. When this molecule behaves as an acid, it 
donates only the hydrogen bonded to the oxygen. The 
hydrogens bonded to the carbon remain intact. Why? 


O© ®) 
x |Í kì |Í : 
HT TO{P ”Ng *ơ sử 
H H 
Acetic acid 


56. #8 How readily an acid donates a hydrogen ion is a 
function ofhow well the acid ¡s able to accommodate 
the resulting negative charge it gains after donating. 
Which should be the stronger acid: methanol or triluo- 
romethanol? Explain. 


Ầ Ầ 
j.n = 

H F 
Methanol Trifluoromethanol 
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57, § How readily an acid donates a hydrogen Ion ¡s a 
function oFhow well the acid is able to accommodate 
the resulting negative charge it gains after donating. 
WWhich should be the stronger acid: water or hypochlor- 
ous acid Explain. 


2p BÊ đc và 
H CI 
Water Hypochlorous acid 


58. ® Does the phosphate ion, a common additive to 
automatic dishwasher detergent, tend to behave as an 
acid or a base? Explain? 


Phosphate ion 


59. $ Some molecules are able to stabilize a negative 
charge by passing ït from one atom to the next by a 
flip-fopping of double bonds. This occurs when the 
negative charge is one atom away from an oxygen dou- 
ble bond, as follows. Note that the curved arrows indi- 
cate che movement of electrons: 


WWhy, then, ¡s sulfuric acid so much stronger an acid 
than carbonic acid? 


O ©œ 
|Í |Í 
`... SN Bài 
Carbonic acid O 
Sulfuric acid 


60. 8 Which salt, Na;POx, Na;HPO,, or NaH;PO,, 
should form a solution with the highest pH for a given 
Concenrration? 


61. ® Why ¡s phosphoric acid, H;PO¿, a stronger acid 
than disodium hydrogen phosphate, Na;HPO„? (Hz: 


See exercise 59.) 


O O 
lÌ lÍ 
HO—P—©H Na'~O—P—OH 
| SA 
©H Na O 
Phosphoric acid Sodium hydrophosphoric acid 


62. $ WWhy ¡s the carbonate ion, CO“ ;á stronger base 
than the bicarbonate ion, HCO;ˆ? 


Carbonate ion Bicarbonate ion 


63. ® Soaps are generally alkaline. Also, the more alka- 
line the soap, the greater ¡ts cleaning power. Why do 
strong soaps tend to leave the skin feeling dry? 


64. 8 Sodium hydroxide, NaOH, is a very strong base, 
commonly used as a drain cleaner. Why ¡s this chemical 
only helpful in unclogging natural materials, such as 
haïr or grease, and not synthetic materials, such as pÏas- 
tíc, or inorganic materials, such as sand? 


65. ® Sodium hydroxide, NaOH, is a very strong basc. 
Ifa concentrated solution of this base were to spilÏ on a 
latex glove you were wearing, it would feel like regular 
water. If the solution were to land directly on your skin, 
however, it would feel very sÏippery. Why? 


66. ® WWhy ¡s vinegar so gøood at removing water sDOtLS 
from your bathroom faucet? 


G7. 8 Pour vinegar onto beach sand from the Car- 
ribean and the result is a lot of froth and bubbles. Pour 
vinegar onto beach sand from California, however, and 


nothing happens. Why? 


68. $ How can the dissolving of table salt, NaC], in 
water be viewed as an acid-base reaction? 


69. 8 Would it be easier or harder for a water molecule 
to donate a hydrogen ion Ifits polar H—O bond were 
even more polar? Explain. 


70. # A water molecule, H;O, becomes strongly held 
to a dissolved aluminum ion, Al?”. According to the 
Lewis defnition ofacids and bases, which is behaving 


as an acid: the water or the aluminum ion? Nhich 1s 
behaving as a base? 


ss __Ƒ] 
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71. Does a water molecule become more or Ìess 
polar when bound to a metal ion, sụch as AlŸ”? (7z: 
How mipht the electrons of the O—H covalent bonds 
in water “feel” about the hiphly charged aluminum 
Ion?) 

72. #8 How do aluminum ions, Al”*, help water mole- 
cules to lose hydrogen ions? 


73. #8 Why are aqueous solutions ofhighly charged 
metal ions, such as AlỶ*, usually acidic? 


74. @ Which salt, NaCl, BaCI,, or AICI;, should form 


a solution of the lowest pH for a given concentration? 


75. 8 Which should be a stronger base: ammonia, 
NH;, or triluoronitrogen, NF;? 


H—Ñ—H EF—Ñ—EF 
| | 
lãi F 
Ammonia Trifluoronitrogen 


76. 8 Which should be a stronger acid: acetic acid or 
triÑuoroacetic acid? 


l || F Ï 
\ % 
- ~Z” 
mà —. 
lạ 
Acetic acid Trifluoroacetic acid 


77. ® Wlhy ¡s the H—F bond so much stronger than the 
H-] bond? (2z: Think atomic size.) 


78. 6 Which bond ¡s easier to break: H—F or H-]? 
79. $ Which ¡s thc stronger acid: H-F or H-l? 
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80. @ Which reactant behaves as an acid and which 
behaves as a base in the following reaction: 


.Q" E s _ F 
À | `. 

H B—E —=-  =B—k 
„⁄# | x Í 
sOs F sOs F 


Sulfur dioxide Trifluoroborane 


81. “The main component ofbleach ¡s sodium 
hypochlorite, NaOCl, which consists of sodium ions, 
Na", and hypochlorite ions, OCI. hat products are 
formed when this compound ¡s reacted with the 
hydrochloric acid, HCI, of toilet bowl cleaner? 


82. 8 L¡st the following compounds in order of 
Iincreasing acidity: BH;, BCI;, BE¿. 


83. ® Does the hydride ion, H, tend to behave as an 
acid or a base? 


84. ® Which atom ¡in sulfur dioxide, SO¿, is most pos- 
Itively charged? 


Sulfur dioxide 


85. $ What molecule results when water, H„O, reacts 
with sulfur dioxide, SO„? Draw a sketch showing how 
this reaction occurs. (See the formation o£carbonic acid 
given in Section 10.1.) 


86. # hat happens to the pH ofsoda water as ít Ìoses 
its carbonation? 


87. ® Why mipht a smalÏ piece of chalk be useful for 


alleviating acid indigestion? 


88. @ How might you tell whether or not your tooth- 
p4ste conrtained calcium carbonate, CaCO, or perhaps 
baking soda, NaHCO:, without looking at the Ingredi- 


ents label? 


89. @ Why do lakes lying in granite basins tend to 
become acidiflcd by acid rain more readily than lakes 
lying in limestone basins? 


90. ® Cutting back on the pollutants that cause acid 
rain is one solution to the problem ofacidified lakes. 
Suggest another. 


91.@ Hlow might warmer oceans accelerate global 
warming? 
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92. ® What happens to the pH ofwater as you blow 
bubbles into ít through a drinking straw? 


93. $ What happens to the pH o£fa 1-Ä⁄Zsolution of 
hydrochloric acid, HC], as carbon dioxide gas 1s bub- 
bled into it? 


94. 8 hy are atmospheric CO, levels routinely up to 
15 ppm higher in the spring than ¡in the fall? 


95. $ Why are seasonal Ñuctuations in atmospheric 
CO; much more pronounced ¡in the northern hemi- 
sphere compared to the southern hemisphere? 


96. # Sodium bicarbonate, NaHCO;, 


Sodium bicarbonate 
(salt) 


1s the active Ingredient ofbaking soda. Compare this 
structure with those of the weak acids and weak bases 
presented in this chapter and explain how this com- 

pound by itselfin solution moderates changes in pH. 


97. # Hydrogen chloride ¡s added to a buffer solution 
ofammonia, NH;, and ammonium chloride, NH„C1. 
Nhat ¡s the effect on the concentration of ammonia? 
On the concentration ofammonium chloride? 


98. # Sodium hydroxide ¡s added to a buffer solution 
ofammonia, NH;, and ammonium chÏloride, NH„C1. 
Nhat ¡s the effect on the concentration ofammonia? 
On the concentration ofammonium chÏloride? 


99.8 At what point will a buffer solution cease to 
resist changes in pH? 


100. #' Sometimes an individual going throuph a trau- 
matic experience cannot stop hyperventilating. Ín such 
a circumstance, it is recommended that the individual 
breathe into a paper bag or cupped hands as a useful 
way to avoid an increase in blood pH, which can cause 
the person to pass out. Explain how this works. 


¡ SUPPORTING CALCULATIONS @®srcinNrr Tl tNrrhMEDIATE $ cxprrr 
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101. ® What ¡s the hydroxide ion concentration in an 
aqueous solution when the hydronium ion concentra- 
tion is 1 x 10”° mole per liter? 


102. ® When the hydronium ion concentration ofa 
solution is 1 x 10”! mole per liter, what is the pH of 
the solution? Is the solution acidic or basic? 


103. ® hen the hydronium ion concentration ofa 
solution ¡s 1 x 10 “ mole per liter, what is the pH ofthe 
solution? Ïs the solution acidic or basic? 


'. ANSWERS TO 
' CALCULATION CORNER 


LOGARITHMS AND pH 
1. “What is the logarithm of 10”?” can be rephrased 


as “lo what power is 10 raised to give the number 
10”?” The answer is 5. 


104. ® What ¡s the hydroxide ion concentration in an 
aqueous solution having a pH o£5? 


105. # hen the pH ofa solution ¡s 1, the concentra- 
tion oFhydronium ions is 10” Äƒ= 0.1 Ä⁄. Assume that 
the volume of this solution ¡s 500 mL and that the 
solution is not buffered. What ¡s the pH after 500 mL 
of pure water is added? You will need a calculator with a 
logarithm function to answer this question. 


2. You should know that 100,000 ¡s the same as 107. 
Thus the logarithm of 100,000 ¡s 5. 


3. The pH ¡s 9, which means this ¡s a basic 
solution: 


pH = -log[H;O"] 
—log107 


=9) 
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| HANDS-ON CHEMISTRY INSIGHTS 


RAINBOW CABBAGE 


The change in color ofa pH Indicator is not perma- 
nent. Red cabbage juice brought to a pH of4 turns red. 
Thịs same solution brouehr to a pH oÊ8 turns preen 
and then red again as it is brought back to a pH o£4. 
To demonstrate this, add a teaspoon of baking soda to 
the glass/cup to which you originally added the vinegar. 
The solution should turn green. (Why does this addi- 
tion ofbaking soda also result in bubbling?) Add vine- 
gar again to bring the color back to red. 

Here ¡s another interesting experiment. Boil a whole 
head of red cabbage for about 20 minutes to obtain a 
concenrtrated solution. Place several tablespoons of the 
concentrated broth in a large, colorless, glass container. 
Note the color of the broth and estimate the pH (the 
extract is acidic). Then quickÌy pour water into the con- 
tainer, carefully watching for any change ¡n color. What 
does the changing color telÏ you about change ¡n pH as 
you add the water? Does the pH go up or down? How 
can adding pure water change the pH ofa solution? 


¡ EXPLORING FURTHER 


l 


WWW.npS.ØøOVÍCcave 
www.carlsbad.caverns.national-park.com/info.htm 
wWww.nps.gov/maca 
www.mammoth.cave.national-park.com/info.htm 


M Cðecb tbese 0ƒJcial andl tnoƒ]cial sites for Carlbadl Cau- 
erns Nattonal Park and Mamnotb Caue Nattonal DurE for 
detall on bơtU tbese undereroundl landlmarks [ormed. 


Aimple trauel inƒ0rmanion is 1ncludedL 
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WWW.€DA.8OV 


m Œo ro tÙzš borne paec 0r the EuUiroinmental Drofecti0i 
Agenecy an se acid rain as 4 &eJ4U0144 in the 4gene)š searcb 
erigine to [tá nurneromts articles ơn this subJect, 


http://mlso.hao.ucar.edu/cgi-bin/mlso_homepagc.cgi 


M 17⁄4 ad4lres rtemises the atmosbberic projecl öƒ the CÌ/- 
mate Monitoring andl D)iagnostic Laboratory 0ƒ the Mauna 
Loa Wather Obseruatory. Links to the NeHuork or the 
Detecton oƒ`Stratosbberic Charnges are 1cÌudedl. 


http://householdproducts.nlm.nih.gov/products.htm 


M Le ¿7s tucbsite 0ƒ the Natonal Library 0ƒ Medicine to 
learn more about the cheinical aature 0ƒUAarious Douseboll 
cJerwicals such as perS0nAl care producfs, arfs ai craƒls, pet 
care producis, )esticides, Jar⁄Í care prodfucfS, auto prodlucf5, 
A4/1Ả 1001. 


www.chemindustry.com/apps/chemicals 


M77: dlatabase t0cbsite allotos Jou to searcb [or tecbnical 
/nƒ0r1ation 0n\ 100S† CĐeWTCAÏ c01Đ00u?iđl 1/5€/l C01097167- 
cíalh, Tís íncludles the comipowt›lì cheimical sirucfure 4š 
tuelÏ as reƒtrennces to tuher€ témor€ inƒornation 1a be 
auailable. 


www.ConceptChem.com 


mM W7 ConceptCbein.con to regisfcr Jour Concebfual Chem- 
/sty Aluel DVD-ROÀM. RegistereÍ users rece/ue [?ee fec717- 
cal supp0rt as tuelÏ 4s access to the authoT š a715tU€T3 f0 te 
ør 600 qi1estior3 appearing tuithin CCAluel Behinil-tle- 
scee pbot0s as 10€lÏ a$ 1nfercsting inƒormation about the 
cast, creuU, and prodluction 0ƒ CCAliuel are albso aUailable. 


the . 
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Visit The Chemistry Place at: 
WWw.aw-bc.cormn/chemplace 


HAIR AND SKIN CARE 
# 


hrough our modern lifestyles we 

have becorme accustomed to 

chemical-based products that 
clean and protect our haïr and skin. 
These include soaps, shampoos, con- 
đïtioners, moïs†urizers, sunscreens, 
and many other products formulated 
†o help us maintain a healthy look. 

The essential ingredients of all 
these haïr and skin products are part 
of a broad class of compounds called 
surƒactants, which is short for “surface 
active agents.” All surfactant mole- 
cules are polar on one end and non- 
polar on the other. Because of theïr 
nonpolar ends, they resist dissolving 
in water and instead cling to water's 
surface where theïr nonpolar ends 
stick up out of the water. Pour some 
oïl onto the surfactant containing 
water and the nonpolar taïls wïiÏl cling 
to the oiÏs surface. In this way, surfac- 
tants bind together the surfaces of 
water and a nonpolar material. 


= 


surfactant 


With a little agitation, the surfac- 
tant's surface-seeking behavior 
causes the formation of high-sur- 
face-area suds.With such an 
increased surface area, significant 
amounts of the oïl are able to mix 
in with the water, forming a single 
phase known as an emulsion. So, 
surfactants dorn't help nonpolar 
mnaterials to “dissolve in water.” 
Instead, they just help these two 
naterials to become very mixed. 
The prototypical shampoo sur- 
factant is the detergent sodïum 
laury] sulfate. (see Section 7.4.) A 
big advantage of detergents is 
that in hard water they don't form 
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scum. For a shampoo this is parfticu- 
larly important because otherwise 
the scum would adhere to the haïr. 
Rinsing haïr first allows for the 
removal of polar materials, such as 
salts, dirt,or any loose debris.Wetted 
haïr also swells and this opens up the 
haïr cuticles, which are scalelike 
structures lining the outside of the 
haïr. The maïn action of the deter- 
gent is to remove sebum, a skin oïl 
that migrates up the haïr and into 
the cuticles. Sharmpoo formulas vary 
ïn their cleansing strength. Those for- 
mulated for “oily”haïr are generally 
stronger than those formulated for 
“normal” haïr. 


v2 v Xv*v Y⁄ZS%x6@ 5G N, 
Sodium lauryl sulfate 


Following the shampoo, many 
people apply a haïr conditioner, 
which helps to rmake the haïr feel soft 
and also helps to minimize frizz due 
to the buïildup of static charge. 
Notably, the polar end of a shampoo's 
surfactant is a negatively charged 
ion. Such a surfactant is called an 
anionic surfactant. The polar end of a 
haïr conditioner's surfactant, how- 
ever, is a positively charged ion. Such 
a surfactant is called a cafionic sur- 
factant. Shampoos and conditioners 
are generally not combined into a 
single formula because the attrac- 
tion these oppositely charged surfac- 
tants have for each other would 
defeat their functions. Products that 
are “all-in-one” have the cationic sur- 
factants microencapsulated. The pro- 
totypical haïr conditioning 
surfactant is cety] trimethy] ammo- 
nïum chloride, also known as cetri- 
mmonium chloride. It's positive charge 
helps ït to bind with the haïr so that 
much of ït remains on the haïr even 
after rinsing. The result is haïr that 
feels smoother and ïs easier to rmman- 
age. Laundry fabric softeners work by 
the same principle. 


CH, 
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HC CH; 
Cetyl trimethyl ammonium chloride 


The trick to having comfortably 
moist skin is to maintain the moisture 
already found within the skin. The 
deeper parts of your skin are up to 8o 
percent water. Because skin has so 
mnuch more water than the surround- 
ïng aïr, the general movement of 
moisture is from the skin outward. 
Skin oïls help the outer layers of skin 
†o retain much of this moisture. Your 
skin,however, will begin to feel dry 
when there is an increase ïn the rate 
at which your skin's moisture evapo- 
rates. This happens when the aïr ïtself 
1s very dry or when your skin oiÌs are 
removed by strong soaps or deter- 
gents. Rather than splashing water on 
your dry skin, a more practical solu- 
tion is to coat your skin with a mois- 
ture-protecting nonpolar material 
that can enhance or miïmic the action 
of skin oïls.Commonly used materials 
include comnpounds such as propylene 
glycol, glycerin, and dimethicone. The 
best way to apply these compounds to 
the skin is with an emulsion made 
using nonionic surfactants, such as 
polyethylene glycol stearate, also 
known as PEG-1oo. Nonionic surfac- 
tants are used for moisturizers 
because they tend to be less irritating 
and less likely to rermove skin oïls. 


a lotion, but ït quickly 


OØH 
l loses potency ïf not 
HO H (G]ãI 
Xa. Ñ sp ` /CH properly formulated 
Tế kề Hn H H,C” ` CH, with stabilizers. The 
G B CH; HC other two UV-A blockers 
Propylene glycol Dimethicone are titanium đioxide 


Polyethylene glycol stearate 


Add UV-absorbing compounds to 
a skin moisturizer and you have sun- 
block lotion. Making a sunblock 
lotion water resistant, however, is 
problematic. Upon exposure to 
water, the surfactants within the 
lotion help to remove the lotion. 
Manufacturers generally recommend 
that you reapply the lotion after 
swimming. Lotions that minimize 
the use of surfactants have increased 
water resistance, but they tend to be 
oïly or greasy. For these reasons, 
tnany water-resistant formulas 
include compounds that polymerize 
into a nonpolar, water-resistant film 
that helps to hold the sunscreen 
agent on the skin when wet. 

A special consideration for sun- 
screens is the portion of the UV spec- 
trum they are able to block. Nearly all 
sunscreens effectively block the 
region from 2go to 32o nm, known as 
UV-B.The current Sun Protection Fac- 
tor (SPF) rating system indicates the 
effectiveness of a sunscreen lotion at 
blocking UV-B, which causes sunburn. 
Scientists, however, are finding that 
the range from 32o to 4oo nm,known 
as ỦUV-A,ïs more responsible for skin 
wrinkling as well as skin cancer. As of 
2oO6, the U.S. Food and Drug Adminis- 
tration (FDA) has approved only 16 
cormnpoundds for use as sunscreens. Of 
these, only three are broad-spectrum 
UV-A blockers. One of these three, 
Avobenzone, is easily formulated into 


and zinc oxide, both 
opaque minerals that 
are impractical to apply 
over large body-surface 
areas. The lists of 
approved UV-B and UV-A 
sunscreens in other 
countries such as Aus- 
tralia, Canada,and European nations 
are mmuch longer. These countries treat 
sunscreens as cosmetics, while the 
U.S.treats them as drugs, which are 
subject to rmnore rigorous regulations. 
Since 1978 onÌy two additional sun- 
screen agents, Avobenzone and zinc 
oxide, have been approved by the FDA. 


Bi” 
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Avobenzone 


Another way to help skin maintaïn 
a youthful look is to apply alpha 
hydroxy acids, such as glycolic acid. 
These compounds serve as exfoliants, 
which means they help in the 
removal of dead outer skin. This stim- 
ulates the skin to generate new cells 
that help to hide thin-line wrinkles. 

Discussed here are only the main 
chemicals used to formulate hair- 
and skin-care products. As any casual 
look at an ingredients list tel]s you, 
there are mnany other chemicals that 
serve other purposes. 

Looking to the immnediate future, 
there are some areas where skin care 
may soon make some sỉgnificant 
advances. As we grow older, our skin 
wrinkles because ït has lost mụch of 
ïts elasticity. One of the reasons for 
this loss of elasticity is because of the 
formation of chemical bonds, called 


crosslinks, between adjacent strands 
of collagen, which is the fundamen- 
tai fiber skin cell]s create to form skin. 
Numerous agents that effectively 
inhibïit and even reverse these colla- 
gen crosslinks have been discovered 
and are currently undergoïng clinical 
trials in order to obtain FDA approval. 


What do shampoos, haïr condi- 
tioners, mmoisturizers, and sun- 
screen lotions all have ïn common? 


Was thỉs your answer? They all 
contaïn surfactants, which are 
mmolecules that have both polar 
and nonpolar ends and permit the 
formation of emulsions. 


IN THẺ SPOTLIGHT 
DISCUSSION QUESTIONS 


1. In an effort to speed up the drug 
approval process, the U.S. FDA cre- 
ated a special “fast-track” system for 
agents that show unusual promise 
or for agents that have been shown 
†o be generally safe after years of 
use ïn other countries.Why are 
there so few sunscreen agents cur- 
rently within this fast-track system? 
Should sunscreen agents continue 
to be classified as drugs? 


2. lfa collagen cross-linking agent is 
determined to be safe by the FDA, 
should this agent be available only 
by prescription, or should it be made 
avaïlable to consumers OTC (over 
the counter)? lf thìs agent notice- 
ably helped to reduce skin wrin- 
kling, how popular do you suppose 
ït might be? Assuming you were ïn 
your 5os, how rnuch would you be 
willing to pay for a year 's supply? 


3. What criteria do you use ïn deciding 
what shampoo to buy? List the fol- 
lowing ïn order of importance: the 
price, the brand name, the list of 
†ngredients on the front label, back 
label ingredients, the fragrance, 
cormnmerical advertisements, recom- 
Tnendation from a friend, your expe- 
rience with the shampoo. 
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T1.1 Oxidation Is the Loss 
of Electrons and Reduction 
Is the Gaïin of Electrons 


14.2 Photography Works 
by Selective Oxidation 
and Reduction 


11:3 The Energy ofFlowing 
Electrons Can Be Harnessed 


1i.4 — Oxygen Is Responsible 
for Corrosion 
and Combustion 


TRANSFERRING 
ELECTRONS 


B8 

What do our bodies have in commmon with the burning of a 
campfire or the rusting of old farm equipment? Why does si]- 
ver tarnish? How can aluminum restore tarnished silver? Why 
is iLunwise for people with fillïngs in their teeth to bite down 
on aluminum foïl? How do batteries work and what is the 
source of their energy? Why is hydrogen the ultimate fuel of 
the future? The answers to all these questions involve the 
transfer of electrons from one substance to another. These 
kinds of chemical reactions are the maïn focus of this chapter. 

As we learned in Chapter 9, chemicals that react with one 
another are called reactants. In the process of reacting, the 
reactants form new chemicals known as products. In rmost 
acid-base reactions, a proton is transferred from one reac- 
tant to the lone païr of another reactant. In this chapter we 
look at a class of reactions ïn which an electron or a series of 
electrons are transferred from one reactant to another. These 
types of reactions are called oxidation-reduction reactions. 
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364 CHAPTER 11 OXIDATION AND REDUCTION 


® 111  Oxidation Is the Loss of Electrons and Reduction 
Is the Gaïn of Electrons 


xidation ¡s the process whereby a reactant loses one or more eÌectrons. 
Reduction ¡s the opposite process whereby a reactant øains one or more 
electrons. Oxidation and reduction are complementary processes that ocCur at 
the same time. They always occur together; you cannot have one without the 
other. The electrons lost by one chemical In an oxidation reaction dont simply 
disappear; they are gained by another chemical in a reduction reaction. 

An oxidatlon-reduction reaction occurs when sodium and chlorine react to 
form sodium chÏoride, as shown ¡in Eigure 11.1. The equation for this reaction is 


2Na+(Cl1; —> 2NaCl 


To see how electrons are transferred in this reaction, we can look at cach reactant 
individually. Each electrically neutral sodium atom changes to a positively charged 
ion. Ñe can also say that cach atom loses an electron and ¡s therefore oxidIzed: 


2Na —> 2Na'+2e_ Oxidation 


FIGURE T1.1 


In the formation ofsodium chlo-  Each electrically neutral chlorine molecule changes to two negatively charged 
ride, sodium metal is oxidized by  1ons. Each of these atoms gains an electron and ¡s therefore reduced: 

chlorine gas and chÏorine gas is 
reduced by sodium metal. 


ẤT +2e — 2CT Reduction 


The net result 1s that the two electrons lost by the sodium atoms are trans- 
ferred to the chlorine atoms. Therefore, each of the two equations shown above 
actually represents one-half ofan entire process, which ¡s why they are cach called 
a half-reaction. In other words, an electron wont be lost from a sodium atom 
without there being a chlorine atom available to pick up that electron. Both half- 
reactions are required to represent the zø/e oxidation-reduction process. Half- 
reactions are useful for showing which reactant loses electrons and which reactant 
gains them, which ¡is why half-reactions are used throughout this chapter. 

Because the sodium causes reduction of the chlorine, the sodium is acting as a 
rezlcrnxợ aeerf. Â reducing agent is any reactant that causes another reactant to be 

reduced. Note that sodium ¡s oxidized when it behaves as a reducine agent— 
+ „⁄z 1t loses electrons. Conversely, the chÏorine causes oxidation of the sodium 
/ "#A and so is acting as an øx⁄z/e ae/z/ Because it gains electrons in the 
% process, an oxidizing agent is reduced. Just remember that Íoss ofelectrons Is 
: oxidation, and gain of electrons ¡s reduction. Here ¡s a helpful mnemonic 
Tai adapted from a once-popular childrens story: Leo the 
lion went “ger.” 
Different elements have different oxidation 
: v and reduction tendencies—some lose elec- 
trons more readily, while others gain elec- 
trons more readiy, as Figure I1.2 
illustrates. The tendency to do one or the 
other ¡s a functlon of how strongly the 
atoms nucleus holds clectrons. The 
greater the effective nuclear charge (Sec- 
tion 5.8), the greater the tendency of the 


„ 4 atom to 7 electrons. Because the atoms 

`... ofelements at the upper right ofthe periodic 
h— xiẾt! sơ ; 

` table have the strongest efective nuclear 


š + charges (with the noble gases excluded), these 
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atoms have the greatest tendency to gain electrons and hence behave as oxidizing 
agents. The atoms ofelements at the lower left ofthe periodic table have the weakest 
effecduve nuclear charges and therefore the greatest tendency to /2s£ electrons and 
behave as reducing agents. 


Little tendency to 
lose or gain electrons 


True or false: 
1. Reducing agents are oxidized in oxidation-reduction reactions. More likelyto'behsve asoxididng 
2. Oxidizing agents are reduced in oxidation-reduction reactions. agent (be reduced) 


L] More likely to behave as reducing 


? 
Were these your answers? Both statements are true. gi 0 n7 


WWhether a reaction classifies as an oxidation-reduction reaction is not always 
immediately apparent. The chemical equatlon, however, can provide some FIGURE 11.2 
important clues. First, look for changes in the ionic states of elements. Sodium 
metal, for example, consists of neutral sodium atoms. In the formation of 
sodium chloride, these atoms transform into positively charged sodium Ions, 


The ability ofan atom to gain or 
lose electrons is a function of its 
positlon ¡n the periodic table. 


which occurs as sodium atoms lose electrons (oxidation). Á second way to Iden- Those at the upper right tend to 
tify a reaction as an oxidation-reduction reaction is to look to see whether an ele- gain electrons, and those at the 
ment is gaining or losing oxygen atoms. Äs the element gains the oxygen, Itis  lower left tend to lose them. 


losing electrons to that oxygen because of the oxygens high electronegativity. 
The gain ofoxygen, therefore, is oxidation (Ïoss ofelectrons), and the Ïoss ofoxy- 
gen is reduction (gain ofelectrons). For example, hydrogen, H;, reacts with oxy- 
gen, Ö¿, to form water, HạO, as follows: 


H H ®) loi. lại 
/ + À +O=ÊO —> /\ + \/ 
H H lfẺ (S1el lô) 


Note that the element hydrogen becomes attached to an oxygen atom throuph 
this reacuon. The hydrogen, therefore, is oxidized. 

A third way to identify a reaction as an oxidation-reduction reaction 1s tO sec 
whether an element is gaining or losing hydrogen atoms. The gain of hydrogen 
is reduction, and the loss of hydrogen is oxidation. For the formation of water 
shown above, we see that the element oxygen is gaining hydrogen atoms, which 
means that the oxygen is being reduced——that is, the oxygen is gaining electrons 
from the hydrogen, which ¡s why the oxygen atom within water is slightÌy nega- 
tive, as discussed in Chapter 7. The three ways of identifying a reaction as an 
oxidation-reduction type of reaction are summarized in Eigure ] 1.3. 


FIGURE 11.3 


Oxidation Reduction =) ⁄ hội : 
(lonic state becomes (lonic state becomes Oxidation results in a greater positive charge, which can be 
| more positive) more negative) | achieved by losing electrons, gaining oxypen atoms, or losing 


hydrogen atoms. Reduction results In a preater nepative charge, 
which can be achieved by gaining electrons, Ïosing oxygen atoms, 
or gaining hydrogen atoms. 


Gains electrons 


Loses oxygen 


Gains hydrogen 
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FIGURE 11.4 


A camera can be used to focus an 
image on wax paper as welÏ as on 


photographic fiÏm. 


LẠ 

= Our bodies require lots of energy 

__ for living.We get this energy 
from special high-energy mole- 
cules, sụch as ATP,which the body 
produces by oxiđizing food mole- 
cules with oxygen. lÝ you were to 
stop breathing, say by choking, 
your cells would be deprived of 
oxygen and no longer able to pro- 
duce these high-energy mole- 

.__ cules. The result is a prompt 

._ death. But instead of dying,why 

-__ đoesrit the body simply turn off 
until oxygen becomes available 
again? Lethal damage occurs 
because many cellular mecha- 
nisms continue to operate even 
at very low oxygen levels. With 
some parts working and others 
not working, the celÏ is thrown so 
far off balance that ït dies. The 
trick is to make sure that all cellu- 
lar processes shut down together. 
This explaïns how people who 
fall into frozen waters can some- 
times be resuscitated even 
though they ve not been breath- 
ïng for over an hour—their cells 
were shut down uniformly due to 
the rapid onslaught of the 
extreme cold. 
MORE TO EXPLORE: 
Mark B. Roth and Todd Nystul, 
“Buying Time in Suspended Ani- 
mnation,” Scientific American, lune 
2OOS5:48. 


ONCE c | 
mã 
In the following equation, is carbon oxidized or reduced? 


(Ginjbissz2L0), G2 (600. spiniiO) 


Was this your answer? As the carbon of methane, CH,, forms carbon diox- 
ide, CO,, ït is losing hydrogen and gaining oxygen, which tells us that the car- 
bon ïs being oxidized. 


5 1i.2_ Photography Works by Selective Oxidation 
and Reduction 


ay some wax paper on the back ofan open unloaded camera as shown in 
Eigure 11.4. Hold the shutter open, then focus. Voila! You have an Image. 
Let the shutter close, however, and the image ¡is gone. This is the same image 
that forms on the photographic fiÏm inside a loaded camera. The difference 
between the fñÍm and the wax paper is that the film ¡s able to retain the image 
after the shutter has closed. How does it do that? The answer has to do with 
oxidation-reduction chemistry. 

Follow the steps in Figure 11.5 as you read this simplified explanation ofhow 
a black-and-white photograph ¡is produced. 


1. Unexposed black-and-white photographic ñÏm is a transparent strip of plastic 
coated with a gel containing microcrystals of silver bromide, AgBr. Light 
refected from the subject being photographed passes through the camera lens 
and is focused on these microcrystals. The light causes many of the bromide 
lons in the microcrystals to oxidize. The electrons set loose by this oxidation 
are transferred to the silver ions, which are thereby reduced to opaque siÌver 
atoms. The more lipht received by a microcrystal, the greater the number of 
opaque siÌver atoms formed. In this way, the photographic image is encoded, 
and the film ¡is said to have been ¿x2øsez, 


2. The light refected from the subject does not typically result in the formation 
of enough silver atoms to make a visible image. The more silver atoms a 
microcrystal contains, however, the more susceptible it ¡s to further oxida- 
tion-reduction reactions. To make a visible image, the photographer puts the 
fñm in a light-tight container to prevent further exposure. Then the fiÏm is 
treated with a reducing agent, such as hydroquinone, C„H,„O;, which reveals 
the encoded image by causing the formation of many more opaque siÌver 
atoms. Through this step the image đ/eelops. 


3. The reduction of silver ions by the hydroquinone developing solution ¡is 
stopped by treating the fñÏm with a solution of sodium thiosulfate, 
Na;SzO¿, also called either Óyøø or ýx7øzg sozz7øø. The thiosulfate lon, 
S2O¿”, binds with any unreduced silver ions to form a water-soluble saÌt. 
Subsequent washing with water removes everything except the silver 
atoms adhering to the film, which are most abundant where the greatest 
amounrt of light hit the film when the photograph was taken. The ñÌm is 
now /2xe4, 


4. Because the silver atoms are opaque, the fiÏm appears as a 724/7, which Is 
dark where the subJect was lipht and light where the subject was dark. 


5. Lipht is projected through the negative onto photographic paper, which ¡s 
developed using the same reactions that produced the negative. The resulting 
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developed imagce ¡is a negative of the negative—in other words, a positive 
print. 


Color photographic fñÍm ¡s coated with a variety of chemicals that respond to 
light of diferent frequencies (colors). There are more oxidation-reduction reac- 
tions involved in the developing ofa color photograph, but the basic principle 
is the same——the selective reduction of only those chemicals exposed to light. 
Digiral photography, by contrast, is an outgrowth of photovoltaic cells, which 
are made of metalloids, such as silicon, that lose electrons upon exposure to FIGURE 11.5 
light. We explore photovoltaic cells in Chapter 19 in our discussion of energy lộ Sổ VrỈ c0 0n 
SOUCES: involves a series of oxidation- 
reduction reactions. 


@) The film is exposed. @) The film is developed. 


Light-tight CC Sổ ¬ 
container [TTT BÉẾ 


Hydroquinone 
solution (CaHzO;) 


Oxidation Br ` ——> Br+e. Oxidation 2C/H/¿O; ——> 2C„H¿O; + 2e +2H' 
Reduction AgT SE... vs Reduction 2 AgBr + nÓ DƯẾC 2 V0 SP LAI - 


@®) The film is fxed and washed. (4) The negative is dark where Ag” ions have @) Light projected through the negative is 
been reduced to metallic silver. captured on photographic paper as a positive 
image 
DTOITHTDDDI 


Hypo solution 
(Na;SzO:) followed 
by water wash. 
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SILVER LINING l 


arnish on silverware is a coating 

of silver sulfide, Ag;S, an ïonic 

compound consisting of two silver 
ions, Ag”,and one sulfide ion, S?—. Tar- 
nishing begins when silver atoms ïn 
the silverware come into contact 
with airborne hydrogen sulfide, H;S,a 
smelly gas produced by the đigestion 
offood in mammals and other organ- 
sms. The half-reaction for the silver 


and hydrogen sulfide is 
4Ag+2H;S —> 4Ag*+4H*+ 
2S”+4e_  Oxidation 


The silver ions and sulfide ions com- 
bine to form blackish silver sulfide, 
while at the same time the hydrogen 
1ons and electrons combine with 


atmospheric oxygen to form water: 
4H '+4e +O, —> 
2H,O Reduction 


The balanced chemical equation for 
the tarnishing of silver is the combi- 
nation of these two half-reactions: 


4Ag+2H,S+O, —> 2Ag,S+2H,O 


From these equations we see that the 
hydrogen sulfide causes the silver to 
lose electrons to oxygen. To restore 
the silver to its shiny elemental state, 
we need to return the electrons it lost. 


contact. (Add more baking soda ïf 
you đorrt.) Also, as the sïlver ions 
accept electrons from the alu- 
minum and are thereby reduced 
†o shiny sïlver atoms, the sulfide 


The oxygen worrt relinquish electrons 
back to silver, but with the proper 
connection, alumninum atoms wiÏl. 


ions are free to re-form hydrogen 
sulfide gas, which ïs released back 
into the aïr. You may smel] ïtl 


The baking soda serves as a conduc- 
tive ionic solution that permits elec- 
trons to move from the alurmninum 
atoms to the silver ions. What is the 
advantage of this approach over pol- 
ishing the silver with an abrasive 
paste? 


WHAT YOU NEED 


Very clean aluminum pot (or nonalu- 
mninum pot and aluminum foil),water, 
baking soda, piece of tarnished silver 


PROCEDURE 


1. Putabout a liter of water and sev- 
eral heaping tablespoons of bak- 
ïng soda in the aluminum pot or 
the nonaluminum pot containing 
aluminumfoïl. 


2.. Bring the water to boiling and 
then remove the pot from the 
heat source. 


3. Slowly immerse the tarnished sil- 
ver; you ]Ï see an immediate effect 
as the silver and aluminum mnake 


Would a photographic negative be mostly transparent or mmostÌy opaque if 
the camera shutter rernained open too long and too much light fell on the 
film? What would the positive print from this negative look like? 


Were these your answers? The more light that hïts the film, the greater the 
number of sïlver ions reduced by the bromide ions or hydroquinone. The 
reduction of the silver ions results ïn opaque silver atoms that adhere to 
the film. Such an overexposed negative, therefore, would be mostly opaque 
because of all the opaque silver atoms. 

The positive print would be very light because there would be very little 
light passing through the negative to sensitize the silver ions in the photo- 
graphic paper. 


® 1.3 The Energy of Flowiïng Electrons 


Can Be Harnessed 


lectrochemistry ¡s the study of the relationship between electrical energy 
and chemical change. It involves either the use ofan oxidation-reduction 


reaction to produce an clectric current or the use ofan electric current to pro- 
duce an oxidation-reduction reaction. 


11.3 THE ENERGY OF FLOWING ELECTRONS CAN BE HARNESSED 


Aqueous solution s ¬ : Cu” (aq) 
of copper ions 


CỊ 


Oxidaton Fe  ———> ET+2e" 


Redueion Cú?” +2e" —+> Cu 


-FIGURE 11.6 


A nail made ofiron placed in a solution of Cu”” ions oxidizes to Fe”' ions, which 
dissolve in the water. At the same time, copper ions are reduced to metallic copper, 
which coats the nail. (Negatively charged tons, such as chloride ions, CÍ”, must also 
be present to balance these positively charged ions in solution.) 


To understand how an oxidation-reduction reaction can generate an eÌectrIC 
current, consider what happens when a reducing agent is placed in direct con- 
tact with an oxidizing agent: electrons fow from the reducing agent to the oxi- 
đizing agent. This How of electrons is an electric current, which ¡s a form of 
kinetic enerey that can be harnessed for useful purposes. 

lIron atoms, Fe, for example, are better reducing agents than copper ions, 
Cu”"'. So when a piece of iron metal and a solution containing copper ions are 
placed in contact with each other, electrons fow from the iron atoms to the cop- 
pef lons, as Figure 11.6 illustrates. The result is the oxidation ofiron atoms and 
the reduction oÊcopper Ions. 

The elemenral iron and copper ions need not be in physical contact in order 
for electrons to fow between them. If they are in separate containers but 
bridged by a conducting wire, the electrons can flow from the iron to the copper 
ions through the wire. The resulng electric current in the wire could be 
attached to some useful device, such as a lightbulb. Burt alas, an electric current 
is not sustained by this arrangement. 

The reason the clectric current ¡s not sustained ¡s shown in Figure I1.7. An 
initial fow ofelectrons through the wire Immediately results in a buildup ofelec- 
tric charee in both containers. The container on the left builds up positive charge 
as it accumulates Fe”' ions from the nail. The container on the right builds up 
negative charge as electrons accumulate on this side. This situatlon prevents any 
further migration of electrons through the wire. Recall that electrons are nega- 
tive, and so they are repelled by the negative charge ¡n the right container and 
attracted to the positive charge ¡n the left container. The net result 1s that the 
electrons do not flow through the wire, and the bulb remains unlit. 

The solution to this problem 1s to allow ions to migrate Into either container 
so that neither builds up any positive or negative charge. This ¡s accomplished 
with a s2 ðz/2/£6, which may be a U-shaped tube ñlled with a salt, sụch as sodium 
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FIGURE 11.7 


An iron nail is placed in water 
and connected by a conducting 
Wwire to a solution of copper Ions. 
Nothing happens because this 
arrangement results in a buildup 
of charge that prevents the fur- 
ther ow of electrons. 


Pì 


.w Researchers have điscovered that 


mice and other animals breath- 
ing certaïn concentrations of 
hydrogen sulfide gas, H,S, enter a 
state of suspended animation 
where the body temperature 
fluctuates onÌy a few degrees 
above the surrounding tempera- 
ture. In effect, the animal 
becomes cold-blooded, which is 
what happens to bears and 
ground squirrels when they 
hibernate. The hydrogen sulfide 
apparently mïmics mmolecular 
oxygen, O,. Cells absorb and try to 
use the H;S as though ït were O., 
but without the oxidative powers 
of O,, the cellÏ's machinery simply 
shuts down. That the cell shuts 
down uniformìly is key to the sub- 
sequent revival of the organism, 
as was discussed in the previous 
FYI on page 366. lfapplicable to 
humans, hydrogen sulfide— 
induced suspended animation 
holds many possibilities, includ- 
ïng protection against lethal cel- 
lular damage caused by strokes, 
heart attacks, or other critical 
injuries where either blood flow 
or blood supply ïs severely lim- 
ïted. This technology may also 
help donor organs to rernain 
viable for longer periods of time 
prior to transplantation. 

MORE TO EXPLORE: 
Mark B. Roth and Todd Nystul, 
“Buyiïng Time ïn Suspended Ani- 
mation,” Scientific American, }une 
2O0OS5: 48. 
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This side immediately 
builds up a negative 
charge that repels 
electrons, preventing 
them from entering. 


This side immediately 
builds up a positive 
charge that attracts 
electrons, preventing 
them from migrating. 


nitrate, NaNO¿, and closed with semiporous plugs. Figure I 1.8 shows how a salt 
bridge allows the ions ít holds to enter either container, permitting the fow of 
electrons through the conducting wire and creating a complete electric circuit. 


THE ELECTRICITY OF A BATTERY COMES 

FROM OXIDATION-REDUCTION REACTIONS 

So we see that with the proper setup it is possible to harness electrical energy 
from an oxidation-reduction reaction. The apparatus shown in Figure 11.8 is 
one example. Such devices are called øø/zzc cel§š. [nstead of two containers, a 
voltaic cell can be an all-in-one, selcontained unit, in which case ¡t ¡s called a 
bazzery. Batteries are either disposable or rechargeable, and here we explore some 
examples of each. Although the two types differ in design and composition, they 
function by the same principle: two materials that oxidize and reduce each other 
are connected by a medium through which ions travel to balance an external 
Row of electrons. 

Letš§ look at disposable batteries ñrst. The common ?-e¿ll ða/f£zy was 
invented in the 1860s and ¡s still used today as probably the cheapest disposable 
energy source for flashlights, toys, and the like. The basic design consists of a 
zinc cup filled with a thick paste ofammonium chloride, NH„C], zinc chloride, 
ZnC];, and manganese dioxide, MnO:. Immersed in this paste is a porous stick 
of graphite that projects to the top of the battery, as shown in Figure 11.9. 
Graphite sa good conductor of electricity, and it ¡s at the graphite stick that the 
chemicals in the paste receive electrons and so are reduced. The reaction for the 
ammonium Ions, for instance, 1s 


2NH/'aq)+2e ` —> 2NH;Œ) + H;Œ) 


An electrode ¡s any material that conducts electrons into or out oFa medium 
in which electrochemical reactions are occurring. The electrode where chemi- 
cals are reduced ¡s called a cathode. For any battery, such as the one shown in 
Figure 11.9, the cathode is always positive (+), which indicates that electrons are 


Reduction 


ị X ` À ° 6 ì 
=4 Íj==maLL¬ 


Fe?  (aq) 


Fe” (aq) 


Oxidation Fe ——> Fe2F+2e~ Reducion (Cu? +2e  ——> Cu ' 


FIGURE 11.8 


- The salt bridge completes the electric circuit. Electrons freed as the iron ¡is oxidized 
- pass through the wire to the container on the ripht. Nitrate ions, NO,, from the 
salt bridge fow into the left container to balance the positive charges of the Fe”" ions 


that form, thereby preventing any buildup of positive charge. Meanwhile, Na" Ions 
from the salt bridge enter the ripht container to balance the C]” ions “abandoned” 
by the CuŸ" ions as the Cu”” ions pick up electrons to become metallic copper. 


Reduction 2NH¿T TP ý22 SIẾP kệ= me 2NH; + Họ | 


Graphite rod (cathode) 


Ngô 


Paste 
(NH¿CI, ZnC];, MnO;) 


Membrane 


Oxidaion Zn ——> Zn?! + 2e” | 


FIGURE 11.9 


paste ofammonium chỈoride, 
manganese dioxide, and zinc 


chloride. 


-_ A common dry-cell battery with 
-a graphite rod Immersed in a 
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FIGURE 11.10 


Alkaline batteries last a lot longer 
than dry-cell batteries and give a 
steadier voltage, but they are 
€Xpensive. 


naturally attracted to this location. The electrons gained by chemicals at the 
cathode originate at the anode, which ¡s the electrode where chemicals are oxi- 
dized. For any battery, the anode ¡s always negative (—), which indicates that 
elcctrons are streaming away from this location. The anode in Figure 11.9 ¡s the 
zinc cup, where zinc atoms lose electrons to form zinc ions: 


Zn(s) —> Zn”(aq)+2c- Oxidation 


The reduction ofammonium Ions in a dry-cell battery produces two gases— 
ammonia, NH:, and hydrogen, H;—that need to be removed to avoid a pres- 
sure buildup and a potential explosion. Removal is accomplished by having the 
ammonia and hydrogen react with the zinc chloride and manganese dioxide: 


ZnCl,(aq)+2NH;() —> Zn(NH;);C1;() 
2 MnO,(s) + H;ạ(g) —> Mn;O;(s) + HyO() 


The life ofa dry-cell battery is relatively short. Oxidation causes the zinc cup 
to deteriorate, and eventually the contents leak out. Even while the battery ¡s 
not operating, the zinc corrodes as it reacts with ammonium ions. This zinc cor- 
rosion can be inhibited by storing the battery in a refrigerator. As discussed in 
Chapter 9, chemical reactions slow down with decreasing temperature. Chilling 
a battery therefore slows down the rate at which the zinc corrodes, which 
Increases the life of the battery. 

Another type of disposable battery, the more expensive 4/&z⁄e bar), 
shown In Figure 11.10, avoids many of the problems of dry-cell batteries by 
operating in a strongly alkaline paste. In the presence of hydroxide ions, the zinc 
oxidizes to insoluble zinc oxide: 


Zn(s)+2OH-(aq) —> ZnO@) + H;O() + 2e” Oxidation 
while at the same time manganese dioxide ¡s reduced: 
2 MnO,(§s) + H;O() +2" —> Mn;O;(s) + 2 OH (aq) Reduction 


Note how these rwo reactions avoid the use of the zinc-corroding anmonium 
lon (which means alkaline batteries last a lot longer than dry-cell batteries) and 
the formation ofany gaseous products. Furthermore, these reactions are better 
suited to maintaining a given voltage during longer periods of operation. 

The small mercury and lithium disposable batteries used for calculators and 
cameras are variations of the alkaline battery. In the mercury battery, mercuric 
oxide, HgO, ¡s reduced rather than manganese dioxide. Manufacturers are phas- 
Ing out these batteries because of the environmental hazard posed by mercury, 
which is poisonous. In the lithium battery, lithium metal is used as the source of 
electrons rather than zinc. Not only ¡s lithium able to maintain a higher voltage 
than zinc, ¡t is about 13 times less dense, which allows for a lighter battery. 

Disposable batteries have relatively short lives because electron-producing chem- 
Icals are consumed. The main feature of rechargeable batteries is the reversibility of 
the oxidation and reduction reactions. In your car5 rechargeable lead storage bat- 
tery, for example, electrical energy is produced as lead dioxide, lead, and sulfuric acid 
are consumed to form lead sulfate and water. The elemental lead ¡is oxidized to Pb”", 
and the lead ¡n the lead dioxide is reduced from the Pbf” state to the PbZ* state. 
Combining the two halfreactions gives the complete oxidation-reduction reaction: 


PbO, + Pb + 2 H;SO„ —> 2 PbSO/ + 2 H;O + electrical energy 


This reaction can be reversed by supplying electrical energy, as Figure 11.11 
shows. This 1s the task of the carS alternator, which ¡is powered by the enginc: 


electrical enerey + 2 PbSO„+2H„O —> PbO; + Pb + 2 H;SO, 
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Engine 
starter 
motor 


#—————— 
Oxidaton Pb -+ SN — —> PbSO,+2c |4 .  'ñ..... 


Oxidation of Pb to Pb2T 


Reduction PbO› +4HrT+ SỐ” SA 508 PbSO, tị 7 HO 


Reduction of Pb^† to Pb2† 


K3 
®. 


<-——=—=ềc "¬.. 


Reduction PbSO„ +c ——ẽ la hOy” | 


Reduction of Pb?” to Pb Battery 


Oxidation PbSOx Ha”) H;O — PbO; +á HT _- SÓU— TRE - 


Oxidation of Pb?” to Pb?? 


(®) 


| (a) Electrical energy from the 


battery forces the starter motor 
to start the engine. (b) The com- 
bustion of fuel keeps the engine 
running and provides energy to 
spin the alternator, which 
recharges the battery. Note that 
the battery has a reversed cath- 
ode-anode orientation during 
recharging. 
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So running the engine maintains concentrations of lead dioxide, lead, and sul- 
furic acid in the battery. Ñith the engine turncd off, these reactants stand ready 
to supply electric power as needed to start the engine, operate the emergency 
blinkers, or play the radio. 


`. 


What is recharged ïn a car battery? 


Was thỉs your answer? When the battery is being recharged, electrical 
energy from a source (the alternator) outside the battery is used to regener- 
ate reactants that were earlier transformed to products durïng the oxida- 
tion-reduction reaction that produced the electrical energy needed to start 
the engine. The reactants being regenerated are lead dioxide, elemental 
lead, and sulfuric acid. 


Many rechargeable batteries smaller than car batteries are made of com- 
pounds of nickel and cadmium (ni-cad batteries). As with the lead storage bat- 
tery, ni-cad reactants are replenished by supplying electrical energy from some 
external source, such as an electrical wall outlet. Like mercury batteries, ni-cad 
batteries pose an environmenrtal hazard because cadmium 1s toxic to humans 
and other organisms. For this reason, alkaline batteries designed to be recharge- 
able are rapidly gaining a place in the market. 


FUEL CELLS ARE HIGHLY EFFICIENT SOURCES OF ELECTRICAL ENERGY 


A ƒuel cellis a device that changes the chemical energy of a fuel to electrical 
energy. Fuel cells are by far the most eficient means of generating electricity. Á 
hydrogen-oxygen fuel cell is shown in Figure 11.12. It has two compartments, 
one for enterine hydrogen fuel and the other for entering oxygen fuel, separated 
by a set of porous electrodes. Hydrogen ¡s oxidized upon contact with hydrox- 
ide lons at the hydrogen-facing electrode (the anode). The electrons from this 
oxidation ñow through an external circuit and provide electric power before 
meeting up with oxygen at the oxygen-facing electrode (the cathode). The oxy- 
gen readily picks up the electrons (ïn other words, the oxygen ¡s reduced) and 
reacts with water to form hydroxide ions. To complete the circuit, these hydrox- 
ide ions migrate across the porous electrodes and through an ionic paste of 
potassium hydroxide, KOH, to meet up with hydrogen at the hydrogen-facing 
electrode. 

As the oxidation equation shown at the top of Figure 11.12 demonstrates, the 
hydrogen and hydroxide ions react to produce energetic water molecules that 
arise in the form of steam. This steam may be used for heating or to generate 
electricity in a steam turbine. Furthermore, the water that condenses from the 
steam 1s pure water, suitable for drinking! 

EFuel cells are similar to dry-cell batteries, but fuel cells dont run down as long 
as fuel is supplied. The space shuttle uses hydrogen-oxygen fuel cells to meet its 
electrical needs. The cells also produce more than 100 gallons of drinking water 
for the astronauts during a typical week-long mission. Back on Earth, researchers 
are developing fuel cells for buses and automobiles. As shown in Figure 11.13, 
experimental fuel-cell buses are already operating ¡n several cities, such as Vancou- 
ver, British Columbia, and Chicago, Illinois. These vehicles produce very few pol- 
lutants and can run much more eficiently than vehicles that run on fossil fuels. 

In the future, commercial buildings as well as individual homes may be out- 
ñrted with fuel cells as an alternative to receiving electricity (and heat) from 
regional power stations. Researchers are also working on miniature fuel cells 
that could replace the batteries used for portable electronic devices, such as 
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Oxidation Reduction 


2H;œ@) t4OH~(aq) —> 4H;O@)+ 4e” 4e +O;œ)+2H;OŒ@) —> 4OH(aq) 


.e 
~ 


H;ạO 


sec Lầu e 


HO vapor —— “——(O,+ H;Ovapor 


OH- 
| | KOH-containing paste 


li ——> Unreacted ©+„ + HO vapor 


Anode Cathode 


Porous graphite electrodes 


FIGURE 11.12 


- The hydrogen-oxygen fuel celÏ. 


ị 


FIGU RE 11.13 


Because this bus is powered by a 
fuel cell, its tailpipe emits mostÌy 
Wat€r VapOr. 
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_= One of the more critical cormnpo- 
_ nents ofa fuel cell is the partition 
that separates the anode from 
the cathode. Fiqure 11.12 shows an 
alkaline paste that allows for the 
balance of charge, much like the 
salt bridge shown ïn Figure 11.8. 
More advanced fuel cells utilize 
an ion-permeable polymer mmem- 
brane, which must satisfy a host 
Of requirements. This mermmbrane 
must prevent hydrogen, H,,and 
oxygen, O,, from crossing, while 
at the same time allowing the 
passage of ions, sụch as the 
hydrogen ion, HT. lt must be 
mnechanically stiff and chemically 
inert at high operating tempera- 
tures. lt also needs to be inexpen- 
sive because a single automotive 
fuel celÌ wïÏÏ require up to 1o 
square meters of membrane. Due 
to these and other technical as 
well as economic hurdles, 
automakers don't expect fuel- 
cel]-powered cars to be cost 
competitive with internal com- 
bustion cars for another s to 
1O Y€ATsS. 
_MORE TO EXPLORE: 
WWww.polyfue].com 


-_FIGURE 11.14 
Carbon nanofibers consist of 
near-submicroscopic tubes of 
carbon atoms. They outclass 
almost all other known materials 
in their ability to absorb hydro- 
gen molecules. Wich carbon 
nanofibers, for example, a vol- 
ume of 36,000 liters of hydro- 
gen can be reduced to a mere 
35 liters. Carbon nanofibers are 
a recent discovery, however, and 
much research is stilÏ required to 
confirm theïr applicability to 
hydrogen storage and to develop 
the technology. 


cellular phones and laptop compurers. Such devices could operate for exrended 
perlods of time on a single “ampule” of fuel available at your local supermarket. 

Amazingly, a car powered by a hydrogen-oxygen fuel celÏ requires only about 
3 kilograms of hydrogen to travel 500 kilometers. However, this much hydro- 
gen gas at room temperature and atmospheric pressure would occupy a volume 
o£ about 36,000 liters, the volume of about four midsize cars! Thus the major 
hurdle to the development of fuel-cell technology lies not with the cell, but with 
the fuel. This volume of gas could be compressed to a much smaller volume, as 
¡r is on the experimenral buses in Vancouver. 

Compressing a øas takes energy, however, and as a consequence the inherent 
eficiency of the fuel cell ¡s lost. Ch¡illing hydrogen to its liquid phase, which 
occupies much less volume, poses similar problems. Instead, researchers are 
looking for novel ways of providing fuel cells with hydrogen. In one design, 
hydrogen ¡s generated within the fuel cell from chemical reactions involving liq- 
uid hydrocarbons, such as methanol, CH:OH. Alternatively, certain porous 
materials, including the recently developed carbon nanofibers shown in Eigure 
11.14, can hold large volumes of hydrogen on their surfaces, behaving in effect 
like hydrogen “sponges.” The hydrogen ¡s “squeezed” out of these materials on 
demand by controlling the temperature—the warmer the material, the more 
hydrogen released. Ñe explore hydrogen as a fuel source in Chapter 19, in our 
discussions of sustainabÌe enerey sources. 


cK 


As long as fuel ïs available to ït,a given fuel celÏ can supply electrical energy 
indefinitely. Why can't batteries do the same? 


Was thỉs your answer? Batteries generate electricity as the chemical reac- 
tants they contain are reduced and oxidized. Once these reactants are con- 
sumed, the battery can no longer generate electricity. A rechargeable battery 
can be made to operate agaïn, but only after the energy flow is interrupted 
so that the reactants can be replenished. 


11.3 THE ENERGY OF FLOWING ELECTRONS CAN BE HARNESSED 3T7T 


ELECTRICAL ENERGY CAN PRODUCE CHEMICAL CHANGE 

Electrolysis ¡s the use of electrical energy to produce chemical changc. The 
recharging of a car battery is an example of electrolysis. Another, shown in 
Figure I1.15, is passing an electric current through water, a process that breaks 
the water down into its elemental components: 


electrical energy + 2 H;O(0) —> 2 H;() + O;(g) 


Electrolysis is used to purify metals from metal ores. An example ¡s alu- 
minum, the third most abundant element in Earths crust. Aluminum occurs 
naturally bonded to oxygen ¡in an ore called ózzx7⁄. Aluminum metal wasnft 
known until about 1827, when it was prepared by reacting bauxite with 
hydrochloric acid. This reaction gave the aluminum ion, AI°*, which was 
reduced to aluminum metal with sodium metal acting as the reducing apent: 


Al'+3Na —> Al+3Na' 


Thịs chemical process was expensive. The price of aluminum at that time 
was about $100,000 per pound, and it was considered a rare and precious 
metal. In 1855, aluminum dinnerware and other items were exhibited in Paris 
with the crown jewels of France. Then, in 1886, two men working independ- 
ently, Charles Hall (1863-1914) ¡in the United States and Paul Heroult 
(1863—1914) in France, almost simultaneously discovered a process whereby 
aluminum could be produced from aluminum oxide, Al¿O;, a main compo- 
nent of bauxite. In what is now known as the Hall-Heroult process, shown in 
Eigure 11.16, a strong electric current is passed through a molten mixture of 
aluminum oxide and cryolite, Na;AÏlF4, a naturally occurring mineral. The Ñu- 
oride ions of the cryolite react with the aluminum oxide to form various alu- 
minum Âuoride ions, such as AIOF;”, which are then oxidized to the 
aluminum hexafuoride ion, AlE,~. The AlỂ" ïn this ion ¡s then reduced to ele- 
menral aluminum, which collects at the bottom of the reaction chamber. This 
process, which ¡is still in use today, greatly facilitated mass production of alu- 
minum metal, and by 1890 the price of aluminum had dropped to about 
$2 per pound. 


Oxdadion 2AlOF;2~ +6E~ +C —> 2AIF¿3~+ COz+ 4e” 


Molten AlzOs + NazAlF¿ mixture 


Power source 


AI product 


Ị Cathode 


Reduction AIE¿2~ + 3e —> Al+6GE” 


FIGURE 11.15 


The electrolysis of water produces 


- hydrogen gas and oxygen gas in a 
_ 2:1 rato by volume, which is in 


accordance with the chemical for- 
mula for water: H„O. Eor this 
Process to work, ions must be dis- 
solved in the water so that the 
electricity can be conducted 
between the electrodes. 


FIGURE 11.16 


The melting point ofaluminum 


- oxide (2030°€) ¡s too high for ít 
_ to be eficiently electrolyzed to 


aluminum metal. When the 
oxide ¡s mixed with the mineral 
cryolite, the melting point of the 
oxide drops to a more reasonable 
980°C. A strong electric current 
passed through the molten alu- 
minum oxide-cryolite mixture 
generates aluminum metal at the 
cathode, where aÌluminum Ions 
pick up electrons and so are 
reduced to elemenral aluminum. 
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Today, worldwide production of aluminum ¡s about 16 million tons annu- 
ally. For each ton produced from ore, about 16,000 kilowatt-hours of electrical 
energy is required, as much as a typical American household consumes In 18 
months. Processing recycled aluminum, on the other hand, consumes only 
about 700 kilowatt-hours for every ton. Thus recycling aluminum not only 
reduces litter but also helps reduce the load on power companies, which in turn 
reduces air pollution. 

For a nerve-wracking experience involving the oxidation of elemental alu- 
minum, bite a piece ofaluminum foil with a tooth filled with dental amalgam. 
(Ifyou dont have any dental fillings, hooray for you! YouÏ need to ask a less for- 
tunate friend what this activity feels like.) The aluminum behaves as an anode 
and releases electrons to the amalgam (a mix of silver, tin, and mercury). The 
amalgam behaves as a cathode by transferring these electrons to oxyeen, which 
then combines with hydrogen ions to form water. The slight current that results 
produces a joÏt of... ouch.... pain. 


Is the reaction that goes on ïn a hydrogen-oxygen fuel celÏl an example of 
electrolysis? 


Was this your answer? During electrolysis, electrical energy ïs used to pro- 
duce chemical change. In the hydrogen-oxygen fuel cell,chemical change 
is used to produce electrical energy. Therefore, the answer to the question 
1S n0. 


® 11.4 Oxygen Is Responsible for Corrosion 
and Combustion 


ook to the upper right of the periodic table, and you will ñnd one of the 

most common oxidizing agents—oxygen. In fact, If you havent guessed 
already, the term øx/⁄7øz is derived from this element. xygen ¡s able to pluck 
electrons from many other elements, especially those that lie at the lower left of 
the periodic table. Two common oxidation-reduction reactions involving oxy- 
gen as the oxidizing agent are cøz7øs/øø and c0z2Ð2/sÉ207. 


SPLITTING WATER 


ou can see the electrolysis of 

water by immersing the top of a 

disposable o-volt battery ïn salt- 
water. The bubbles that form con- 
tain hydrogen gas produced as the 


water decormnposes. Why does this 
activity work better with saltwater 
than with tap water? Why does this 
activity quickly ruin the battery 
(which should therefore not be used 
agaiïn)? 
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Oxygen is a good oxiđizing agent, but so ïs chlorine. What does this tell you 
about theïr relative positions in the periodic table? 


Was thỉs your answer? Chlorine and oxygen must lie ïn the same area of 
the periodic table. Both have strong effective nuclear charges, and both are 
strong oxiđizing agents. 


Corrosion ¡s the process whereby a metal deteriorates. Corrosion caused by 
atmospheric oxygen is a widespread and costÏy problem. About one-quarter of the 
sueel produced in the United States, for example, goes into replacing corroded iron 
at a cost of billions o£ dollars annually. Iron corrodes when it reacts with atmos- 
pheric oxygen and water to form iron oxide trihydrate, which ¡is the naturally  F!6URE 11.17 
occurring reddish-brown substance you know as 7s, shown In Figure 11.17: Euếc 6c lPb nô bar ti tuc 


1ron structures on which It forms. 


J6 # TU, + TH) —*, 60a) LiyU) It ïs the loss of merallic iron that 


Tin xyetn XWiter . ruins the structural Inteprity. 


ÑWe can better understand rusting by considering this equation in steps, as 
shown in Figure 11.18. @® Iron loses electrons to form the Fe”* ion. @ Oxygen 


đ) Oxidaion 2Fe —> 2Fe2† + 4e” @) Reduction O; +áe" +2H;O ——> 4CH¬~ 


OH_ dissolves 
in water 


Fe?” dissolves 
in water 


Electrons travel 
through iron metal 


lron metal 


Hole forms in iron_ 


Fe?” and OH” react in aqueous solution to form iron hydroxide, 
Fe(OH);, which reacts with H;O and O; to form rust, Fe;O - 3 HO. 


FIGURE 11.18 


Á piece ofiron metal begins to rust when iron atoms lose electrons to form Fe” 
lons. These electrons are Ïost to oxyøen atoms, which are thereby reduced to hydrox- 
ide ions, OH”. One region of the piece of iron behaves as the anode while another 
region behaves as the cathode. Rust forms only in the region of the anode, where 
Iron atoms lose electrons. The loss of elemenrtal iron ¡n this region causes a hole to 
form in the metal. The formation o£rust, however, is not as much ofa problem as is 
the loss oŸiron atoms, a loss that results ¡n a decrease in structural intepriry. 
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Chromium electrode 


As electrons fow into the hubcap 
and give it a negative charge, pOs- 
Irively charged chromium Ions 
move from the solution to the 
hubcap and are reduced to 
chromium metal, which deposits 
as a coating on the hubcap. The 
solution is kept supplied with 
1ons as chromium atoms ¡n the 
cathode are oxidized to Cr?* ions. 


OXIDATION AND REDUCTION 


FIGURE 11.20 


The galvanized nail (bottom) 1s 
protected from rusting by the 
sacrificial oxidation of zinc. 


Zinc strips help protect the iron 
hull ofan oil tanker from oxidiz- 
¡ng. The zinc strip shown here 

1s attached to the hulÏ§ interior 
surface. 


accepts these electrons and then reacts with water to form hydroxide ions, OH”. 
@® Iron ions and hydroxide ions combine to form iron hydroxide, Fe(OH);, 
which ¡s further oxidized by oxygen to form rust, Fe;O; - 3 HO. 

Another common metal oxidized by oxygen ¡is aluminum. The product of 
aluminum oxidation 1s aluminum oxide, Al,O:, which is water ¡insoluble. 
Because of its water insolubility, aluminum oxide forms a protective coat that 
shields aluminum from further oxidation. This coat is so thín that ICS transpar- 
ent, which ¡s why aluminum maintains its metallic shine. 

A prorective, water-insoluble, oxidized coat is the principle underlying a process 
called øz/z//za/Zøø. Zinc has a slightÌy greater tendency to oxidIze 
than does iron. For this reason, many iron articles, such as the nails 
pictured in Figure 11.19, are ø⁄/zzz/zeZby coating them with a thin 
layer ofz¡inc. The zinc oxidizes to zinc oxide, an inert, insoluble sub- 
stance that protects the inner iron Írom rusting. 

In a technique called e2/2øz7e pzo££cf7øø, iron structures can be 
protected from oxidation by placing them in contact with metals, 
such as zinc or magnesium, that have a greater tendency to oxi- 
dize. This forces the iron to accept electrons, which means it is 
behaving as a cathode—recall from Figure II.18 that rusting 
occurs only where iron behaves as an anode. ©cean tankers, for 
example, are protected from corrosion by strips of zinc affixed to 
their hulls, as shown in Figure 11.20. Similarly, outdoor steel 
PIPes are protected by being connected to magnesium rods 
Inserted into the ground. 

Yet another way to protect iron and other metals from oxida- 
tion is to coat them with a corrosion-resistant metal, such as 
chromium, platinum, or gold. #/2e/zøp/2zz/øg is the operation of coating one 
metal with another by electrolysis; 1t is ilÏustrated in Figure 11.21. The object 
to be electroplated is connected to a negative battery terminal and then sub- 
merged in a solution containing Ions of the metal to be used as the coating. 
The positive terminal of the battery is connected to an electrode made of the 
coating metal. The circuit is completed when this electrode ¡s submerged in the 
solution. Dissolved metal ions are attracted to the negatively charged object, 
where they pick up electrons and are deposited as metal atoms. The Ions in 
solution are replenished by the forced oxidation of the coating metal at the pos- 
Itive electrode. 


11.4 


Combustion ¡is an oxidation-reduction reaction between a nonmetallic 
material and molecular oxygen. Combustion reactions are characteristicalÌy 
exothermic (energy releasing). A violent combustion reaction ¡s the formation 
of water from hydrogen and oxygen. As discussed in Section 9.5, the energy 
from this reaction ¡s used to power rockets into space. More common examples 
of combustion include the burning of wood and fossil fuels. The combustion 
of these and other carbon-based chemicals forms carbon dioxide and water. 
Consider, for example, the combustion of methane, the major component of 
natural gas: 


Giản. + 2L, cv (CÀI + Zl1jC + Entroy 
Methane Oxygen Carbon NWater 
dioxide 


In combustion, electrons are transferred as polar covalent bonds are formed 
in place of nonpolar covalent bonds, or vice versa. (This is in contrast to the 
other examples of oxidation-reduction reactions presented ¡in this chapter, 
which involve the formation of ions from atoms or, conversely, atoms from 
ions.) This conceprt ¡is ilustrated in Eigure 11.22, which compares the elec- 
tronic structures of the combustion starting material, molecular oxygen, and 
the combustion product, water. Molecular oxygen Is a nonpolar covalent com- 
pound. Although cach oxygen atom ¡in the molecule has a fairly strong elec- 
tronesativity, the four bonding electrons are pulled equally by both atoms and 
thus are unable to conpregate on one side or the other. After combustion, how- 
ever, the electrons are shared between the oxygen and hydrogen atoms in a 
water molecule and are pulled to the oxygen. This gives the oxygen a sÏipht neg- 
ative charge, which is another way ofsaying it has gained electrons and has thus 
been reduced. At the same time, the hydrogen atoms ¡in the water molecule 
develop a slipht positive charge, which is another way of saying they have lost 
electrons and have thus been oxidized. This gain of electrons by oxygen and 
loss of electrons by hydrogen ¡is an energy-releasing process. Iypically, the 
energy ¡s released either as molecular kinetic energy (heat) or as light (the 
ñame). 


Methane 


Carbon 
dioxide 


5 
a*H:O 
_ Si = Ì 


Ị L@ li @)) 


(a) Reactant oxygen atoms share 
electrons equally in O› molecules. 


(b) Product oxygen atoms pullelectons  - 
away from H atoms in HO molecules 
and are reduced. 
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There are two kinds of matches: 
the sfrike anywhere type usually 
having a “bulls-eye”-looking tip, 
and the saƒety match that 
requires you strike the match on 
a black strip either to the side or 
back of the packagïng. Both 
involve the burning of sulfur 
within the tip of the match. Get- 
tỉng the sulfur to burn using only 
the oxygen in the aïr, however, is 
difficult,which is why the sulfur 
is blended with an oxiđizing 
agent, such as potassium chlo- 
rate, KC]O:. For the strike any- 
where match a third ïngredient, 
red phosphorus, P„, is included. 
The heat of friction causes the 
red phosphorus to convert into 
white phosphorus—an alternate 
form of phosphorus that burns 
rapidly in aïr. Thỉs initiates the 
redox reaction between the sul- 
fur and the potassium chlorate, 
which in turn ignites the burning 
of the match stick. Safety 
matches work the same way, 
except that the red phosphorus ïs 
embedded within the black strik- 
ïng strip, which is the only place 
where the match can be lït. 

MORE TO EXPLORE: 
www.diamondbrands.com/ 
matches 


FIGURE 11.22 


(a) Neither atom in an oxygen 
molecule is able to preferentially 
attract the bonding electrons. 

(b) The oxygen atom ofa water 
molecule pulls the bonding elec- 
trons away from the hydrogen 
atoms on the water molecule, 
making the oxygen slightÌy nega- 
tive and the two hydrogens 
slightÌy positive. 
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® In Perspective 


n the previous chapter we discussed acid-base reactions, which are chemi- 
cal reactions involving the transfer of ørø/øzs from one reactant to another. 
In this chapter, we explored oxidation-reduction reactions, which involve the 
transfer ofone or more e/ec/zøzs from one reactant to another. xidation-reduc- 
tion reactions have many applications, such as in photography, batteries, fuel 
cells, the manufacture and corrosion of metals, and the combustion of non- 
metallic materials such as wood. 

Interestingly, combustion oxidation-reduction reactions occur throughout 
your body. You can visualize a simpliRed model ofyour metabolism by reviewing 
Eigure 11.22 and substituting a food molecule for the methane. Food molecules 
relinquish their electrons to the oxygen molecules you inhale. The products are 
carbon dioxide, water vapor, and energy. You exhale the carbon dioxide and 
water vapor, but much of the energy from the reaction ¡s used to keep your body 


warm and to drive the many other biochemical reactions necessary for living. 


| KEY TERMS 


Oxidation-reduction reaction A reaction involving 
the transfer of electrons from one reactant to 
another. 


Oxidation “The process whereby a reactant Ïoses one or 
more electrons. 


Reduction The process whereby a reactant gains one 
or more electrons. 


Halfreaction One portion ofan oxidation-reduction 
reaction, represented by an equation showing electrons 
as either reactants or products. 


Electrochemistry The branch of chemistry concerned 
with the relationship between electrical energy and 
chemical change. 


' CHAPTER HIGHLIGHTS 


| 
ị 
OXIDATION IS THE LOSS OF ELECTRONS 
AND REDUCTION IS THE GAIN OF ELECTRONS 


1. Which elements have the greatest tendency to 
behave as oxidizing agents? 


2. Write an equation for the half-reaction in which a 
POtasstum atom, K, is oxidized. 


3. Write an cquation for the halfreaction in which a 
bromine atom, Br, ¡s reduced. 


Electrode Any material that conducts electrons into or 
out ofa medium ¡in which electrochemical reactions are 
OCCurring. 


Cathode The electrode where reduction ocCurs. 
Anode The electrode where oxidation occurs. 


Electrolysis The use of electrical energy to produce 
chemical change. 


Corrosion The deterioration ofa metal, typically 
caused by atmospheric oxygen. 


Combustion An exothermic oxidation-reduction 
reaction between a nonmetallic material and molecular 


Oxygen. 


4. What is the difference between an oxidizing agent 
and a reducing agent? 


5. What happens to a reducing agent as it reduces? 
6. What happens to an oxidizing agent as it oxidizes? 


7. What elements have the greatest tendency to behave 
as reducing agents? 


8. What clements resist being either oxidized or reduced? 


PHOTOGRAPHY WORKS BY SELECTIVE 
OXIDATION AND REDUCTION 


9. What special property of silver bromide makes ïr so 
useful for photography? 


10. ÑWhat gets reduced as bromine ions, Br, on photo- 
graphic film are oxidized by light? 


11. Which microcrystals within exposed ñÏm are most 
susceptible to being reduced by hydroquinone? 


12. What chemical is commonly used to stop the 
hydroquinone-induced development ofa photographic 
Image? 


13. What chemical is responsible for the formation of 
silver tarnish? 


14. In what chapter of this textbook are photovoltaic 
cells discussed? 


THE ENERGY OF FLOWING ELECTRONS 
CAN BE HARNESSED 


15. What ¡s electrochemistry? 


16. Nhat is the purpose ofthe manganese dioxide in a 
dry-cell battery? 


17. What chemical reaction ¡s forced to occur while a 
car battery ¡s being recharged? 


18. What is the purpose of the salt bridge in a voltaic 
cell? 


CONCEPT BUILDING 383 


19. Ñhat ¡s electrolysis, and how does it differ from 
what goes on inside a battery? 


20. What type of reacuon occurs at the cathode? 
21. What type of reaction occurs at the anode? 


22. Does lithium metal accept or donate electrons in a 
lithium battery? 


OXYGEN IS RESPONSIBLE FOR CORROSION 
AND COMBUSTION 


23. Why ¡s oxygen such a good oxidizing agent? 


24. What do the oxidation o£zinc and the oxidation of 
aluminum have in common? 


25. What metal coats a galvanized nail? 


26. What are some differences between corrosion and 
combustion? 


27. What are some similarities between corrosion and 
combustion? 


28. Is a metal that ¡is being electroplated given a nega- 
tive or positive charge? 


29. What is iron forced to accept during cathodic 
protection? 


30. What happens to the polarity ofoxygen atoms as 
they transform from molecular oxygen, ©›, Into water 
molecules, HO? 


¡ CONCEPT BUILDING ®broiuNER ER tNIERMEDIATE $ cxprrr 
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31.® What element is oxidized in the following equa- 
tion and what element is reduced? 


Šn”+2Ag —> Sn+2Ag” 


32. ® What elemenr is oxidized ¡n the following equa- 
tion and what element ¡s reduced? 


+2Br- —> 2l tHï, 


33. ® hat element behaves as the oxidizing agent In 
the following equation and what element behaves as the 
reducing agent? 


Ấn 2AÁg —> Sn+2Ag” 
34. ® What element behaves as the oxidizing agent In 
the following equation and what element behaves as the 
reducing agent? 

l+2Br —> 2I +Bn; 


35. ® Hydrogen sulñde, H;S, burns in the presence of 
oxygen, Ôs, to produce water, H;O, and sulfur dioxide, 


SO¿. Through this reaction, ¡s sulfur oxidized or 
reduced? 


2H ,3+r2C), —ẽ 2b, +r 29G) 


36. ® Unsaturated fatty acids, such as C.;„H;;O;, 
react with hydrogen gas, H;, to form saturated fatty 
acids, such as C¡;H;x„O¿. Are the unsaturated fatty 
acids being oxidized or reduced through this 
process? 


37. 8 For cach of the following nonbalanced equa- 
tions, which ¡s depicted: oxidation or reduction? 


a.Cr —> Cịr”" 


b.§n —> Sn(OH)„” 


38. #4 For cach of the following nonbalanced equa- 
tions, which ¡s depicted: oxidation or reduction? 


20 b1] 5l 
HỆ GIP =— Ciiớ 
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39.  Which atom ¡s oxidized, tà or @: 


©@ 


40. # In the previous exercise, which atom behaves as 
the oxidizing agent, và Of @: 


41. ® What correlation might you expect between an 
elemenr electronegativity (Section 6.6) and its ability 
to behave as an oxidizing agent? How about its ability 
to behave as a reducing agent? 


42. 4 WWhat correlation mipht you expect between an 
element§ ionization enerey (Section 5.8) and ïts ability 
to behave as an oxidizing agent? How about its ability 
to behave as a reducing agent? 


43. 8 Based on their relative positions in the perlodic 
table, which might you expect to be a stronger oxidiz- 
¡ng agent, chlorine or Ñuorine? hy? 


44. ® How does an atom$ electronegativity relate to 1ts 
ability to become oxidized? 


45. # Iron atoms, Fe, are better reducing agents than 
copper ions, Cu”*. In which direction do electrons ow 

* “1 * * * z¿ 
when an iron nail is submerged in a solution of Cu”” 
lons? 


4ó. # Nhat ¡s the purpose of the salt bridge in Figure 
11.8 


47. & Why is the anode ofa battery indicated with a 


minus sign? 


48. ® What role does hydroquinone play in the devel- 
opment o£a black-and-white photograph? 


49. ® Why dont the electrodes ofa fuel cell deteriorate 
the way the electrodes of a battery do? 


50. ® What is electroplating, and how is it 
accomplished? 


51. ® A major source of chlorine gas, C];, is from the 
electrolysis of brine, which is concentrated saltwater, 
NaCl(aq). What other two products result from this 
electrolysis reaction? Write the balanced chemical 
cquation. 


52. ® A major source of chlorine gas, C];, is from the 
electrolysis of brine, which is concentrated saltwater, 
NaCl(aq). Does the chorine gas form at the anode or 
cathode? 


53. A major source of chlorine gas, CÌL, 1s from the 
electrolysis of brine, which is concentrated saltwater, 


NaCl(aq). What ¡s the sign of the electrode where the 


chlorine gas ¡s formed? Ïs ¡t negative or positive? 


54. 8 Is sodium metal oxidized or reduced in the pro- 
duction ofaluminum? 


55. 8 Why ¡s the formation ofiron hydroxide, 
Fe(OH),, from Fe”' and OH” not considered an oxida- 


tlon-reduction reaction? 


56. # Your car lights were leÍt on while you were shop- 
ping, and now your car battery 1s dead. Has the pH of 
the battery Ñuid increased or decreased? 


57. 4 Sketch a voltaic cell that uses the oxidation- 
reduction reaction 


Mg(s) + Cu”'(aq) —> 3 Mg”*(aq) + Cu@) 


Xhich atom or ion ¡1s reduced? Which atom or ion 1s 
oxidized? 


58. # Jewclry ¡s often manufactured by electroplating 
an expensive metal such as gold over a cheaper metal. 
Sketch a setup for this process. 


59. # Some car batteries require the periodic addition 
of water. Does adding the water increase or decrease the 
battery s ability to provide electric power to start the 
car? Explain. 


60. # hy does a battery that has thick zinc walls last 
longer than one that has thin zinc walls? 


61. Zinc, Zn, is more easily oxidized than copper, 
Cu. What happens the moment after metal strips of 
these metals come into contact with each other? 


62. Pennies manufactured after 1982 are made of 
zIinc metal, Zn, within a coat oFcopper metal, Cu. Zinc 
1s more easily oxidized than copper. Why, then, dont 
these pennies quickÏy corrode? 


63. #' Zinc, Zn, is more easily oxidized than copper, 
Cu. Two strips of these metals are placed within sepa- 
rate salt solutions and then connected by a wire. ÏDoes 
an electric current pass through this wire? 


64. 8l Zinc, Zn, is more easily oxidized than copper, 
Cu. The ends of two strips of these metals are placed 
within the same salt solution, but not touching cach 
other. They are then connected by a wire. JDoes an elec- 
tric current pass throuph this wire? 


65. # The general chemical cquation for photosynthe- 
sis is shown below. Through this reaction ¡s the carbon 
oxidized or reduced? 


6CO;+6HO —> C„H;;O¿+6O; 


66. # “The general chemical equation for photosynthe- 
sis is shown in exercise 65. Through this reaction are 
the oxygens of the water molecules, H;O, oxidized or 
reduced? 


G7. ® A chemical equation for the combustion of 
propane, C:Hạ, ¡s shown below. Through this reactlon 
1s the carbon oxidized or reduced? 


CTÍ + 2Ó, —: SCO,+4110 


68. ® A chemical equation for the combustion of 
propane, C;H;, ¡s shown in exercise 67. Throueh this 
reaction are the oxyøen atoms oxidized or reduced? 


69. 8 Chemical equations necd to be balanced not 
only in terms ofthe number ofatoms but also by the 
charge. In other words, just as there should be the same 
number ofatoms before and after the arrow ofan equa- 
tion, there should be the same charge. Take this Into 
account to balance the following chemical equation: 


Sn”'+ Ag —> Sn+Ag” 


70. R8. Perform exercise 69 before attempting to balance 
both the atoms and charges of the following chemical 
equation: 


Fe”+lI —> Fe”+l, 


71. ® Perform exercise 69 before attempting to balance 
both the atoms and charges of the following chemical 
equatIon: 


Ce“+ClIF — Ce*+Cl, 


72. ® DPerform exercise 69 before attempting to balance 
both the atoms and charges of the following chemical 
€quatIon: 


Fe?”' + H;O, + HạO* —> Fe” + H;O 


73. 8 Glucose, C2H;;O,, is a simple sugar that the 
body metabolizes into two molecules of pyruvic acid, 
C;H¿O¿. Is the plucose oxidized or reduced as it trans- 
forms into pyruvic acid? 


74. 8 During strenous exercise there ¡s little oxygen, 
O©›, available for muscle cells. Under these conditions, 
the muscle cells derive most oftheir energy from the 
anaerobic conversion of pyruvic acid, C.HO:, into 
lactic acid, C.H„Os. The buildup of lactic acid makes 
the muscles ache and fatigue quickly. Is the pyruvic acid 
oxidized or reduced as it transforms into lactic acid? 


75. Upon ingestion, grain alcohol, C,H,O, ¡s 
metabolized into acetaldehyde, C,H„O, which ¡s a 
toxic substance causing headaches as welÏ as joint paIns 
typical oFfa “hangover.” Is the grain alcohol oxidized or 
reduced as It transforms Into acetaldehyde? 


76. # Your body creates chemical energy from the food 
you eat, which contains sugars, carbohydrates, and pro- 
teins. [hese are large molecules that first need to be 
broken down into simpler molecules, such as monosac- 
charides, C„H¡;O,, fatty acids, C¡„HzgO»›, and amino 
acids, C,H.NO;. Ofthese molecules, which has the 
øreatest supply of hydrogens? ÑVhich ¡s the most 
reduced? Ñh¡ch can react with the most oxygen mole- 
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cules to produce the most energy? Which provides the 
most dietary Calories Der gram? 


77. ® Considcring what you know about the tarnish- 
¡ng of silver, why do you suppose most reputable art 
museums have limits for the number of people p€rmit- 


ted within their exhibit halls? 


78. ® 'The type ofiron that the human body needs for 
good health ¡s the Ee7r ion. Cereals fortiied with iron, 
however, usually contain small grains of elemenral iron, 
Fe. What must the body do to this elemental iron to 
make good oŸit? xidation or reduction? 


79. 8. The oxidation ofiron to rust is a problem struc- 
tural engineers need to be concerned about, but the 
oxidation ofaluminum to aluminum oxide ¡s not. 


Why? 
80. 8. How many electrons are transferred from iron 


atoms to oxygen atoms in the formation of two mole- 
cules ofiron hydroxide, Fe(OH);? See Figure 11.18. 


81. 8 Why are combustion reactions generalÏy 
exothermic? 


82. 8 Which element ¡is closer to the upper ripht cor- 
ner of the periodic table, or ÑÑ? 


Ẳ || ® 
3 


83. 8 Water ¡s 88.88 percent oxygen by mass. Qxygen 
1s exactly what a ñre needs to grow brighter and 
stronger. So why doesnit a ñre prow briphter and 
stronger when water ¡s added to it? 


84. @ Clorox ¡s a laundry bleaching agent used to 
remove stains from white clothes. Suggest why the 
name begins with C?2?- and ends with -øx. 


85. #8 Iron atoms have a greater tendency to oxidize 
than do copper atoms. Ïs this good news or bad news 
for a home in which much of the plumbing consists of 
Iron and copper pipes connected together? Explain. 


686. #. Copper atoms have a preater tendency to be 
reduced than iron atoms do. Ñas this good news or bad 
news for the Statue of Liberty, whose copper exterior 
was originally held together by steel rivets? 


87. 8 When lightning strikes, nitroeen molecules, N„, 
and oxygen molecules, ©;, in the air react to form 
nitrates, NO, which come down ¡n the rain to help 
fertilize the soil. Is this an example ofoxidation or 
reduction? 
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88. ® One of the products ofcombustion ¡s water. 
Why doesrrt this water extinguish the combustion? 


89. @ Why ¡s the air over an open ame always moist? 


90. $ The active ingredient in most dental teeth- 
whitening formulas is hydrogen peroxide, H;O,„, which 
readily decomposes into water and what other mole- 
cule? Write the balanced chemical equatlon for this 
decompositon. 


91. Upon combustion, about how many grams of 
water vapor are produced from every l6 grams of 
methane, CH/? 


€CH_+2C) —> CC) +2H1© 
92. \Which weighs more, a ñrewood log or all the 


water vapor that arises upon the burning of that 
fñirewood 


93. How might electrolysis be used to raise the hull 
ofa sunken ship? 


94. 8 As we digest and subsequently metabolize food, 
1s the food gradually oxidized or reduced? What evi- 
dence do you have? 


95. Upon entering the body, are drugs gradually oxi- 
dized or reduced? 


96. # Shown here are the structures of the related com- 
pounds ethane, ethanol, acetaldehyde, and acetic acid. 
Nhat do these molecules have in common? Of these 
compounds, which ¡s the most reduced and which ¡s 
the most oxidized? Which ¡s the most polar? 


Fb EU I1 
Hằ —c~n H~C—C—0H 

lãi H ăH 

Ethane Ethanol 


| HANDS-ON CHEMISTRY INSIGHTS 


SILVER LINING 


Thịs is one of the better party tricks you can perform 
for any willing dinner host burdened with a cabinet full 
OỀ tarnished silver pieces. Forewarn, however, that 
many pieces coming out of the treatment are stilÍ in 
necd ofsome bufling with silver polish. Lively conver- 
sation Is guaranteed, especially concerning the source of 
the tarnishing hydrogen sulide gas. 


O 
.. 
HC” ^*H HC” *OH 
| | 
H H 
Acetaldehyde Acetic acid 


97. Of the compounds shown in exercise 9Ó, what is 
the relationship between the degree to which the mole- 
cule is oxidized and its polarity? 


98. # Does the digestion and subsequent metabolism 
offoods and drugs tend to make the molecules of the 
foods and drugs more or Ìess polar? 


99. @ NVhy ¡s it easier for the body to excrete a polar 
molecule than to excrete a nonpolar molecule? ÑWhat 
chemistry does the body use to get rid of molecules it 
no longer needs? 


100. # A single haïr is made of many intertwined 
strands of keratin, which ¡s a sulfur-rich fñbrous pro- 
tein. As discussed in Chapter 13, adjacent strands of 
keratin are held together by sulfur-sulfur bonds. For a 
permanent wave, these bonds are temporarily broken so 
that the hair can be reshaped. A chemical agent ¡s then 
added so that these sulfur-sulfur bonds can be re- 
formed, as shown here. Should this agent be an oxidiz- 
¡ng agent or a reducing agent? 


Polishing with an abrasive paste removes both the 
thin layer of tarnish and some silver atoms. Silver- 
plated pieces are therefore susceptible to losing their 
thin coating ofsilver. The aluminum method, by con- 
trast, restores the silver lost to the tarnishing. 

For pieces too large to ft in the pot, try rubbing 
lightly with a paste of baking soda and water, using alu- 
minum foil as your rubbing cloth. 


SPLITTING WATER 


Try thịs activity with tap water instead of saÏtwater to sec 
the difference dissolved ions can make—the ions are 
needed to conduct electricity between the two electrodes. 


The primary reaction occurs at the nepative electrode 
(anode), where water molecules accept electrons to form 
hydrogen gas and hydroxide ions. Recall from Chapter 10 
that an increase in hydroxide ion concentratlon causes the 
pH ofthe solution to rise. You can track the production 
of hydroxide Ions by adding a pH Indicator to the soÌu- 
tloọn. The indicator of choIïce Is phenolphthalein, which 
you miphr obrain from your instructor. Alternatively, you 
mipht use the red cabbage extract discussed ¡n Chapter 
10. Whichever indicator you use, not the swirls of color 
forming at the anode as hydroxide Ions are generated. 

The battery ¡s quickly ruined because placing ¡t in the 
conducting liquid short-circuits the terminals, which 
results In a large drain on the bartery. 

You may be wondering why oxygen øas Is not gener- 
ated along with the hydrogen gas. For reasons beyond 
the scope of this text, oxygen gas is generated only 
when the positive electrode (cathode) ¡is made of certain 
metals, such as gold or platinum. The steel electrode of 
the 9-volt battery does not suffce. 


| EXPLORING FURTHER 


| 
www.aluminum.org 


70c tuebsitc oƒ the hưninun 1ssociatlon, lục., tubểre J0 
tuill ma basic facis about the dluiuin0l 116ÏU5ÉT}, rế€)- 
cũng c[Jorls, andl tbe 1rapact 0[ 0tr all sẽ 0n te 
CHU/T01111C11. 
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www.kodak.com/US/en/corp/kodakHistory/ 


Mh 7e Eastman Kodab Combany tuas [0U0ledl in thế laf£ 
1800: ai tuas tbe ffrst coupaw) to ö[ŸÈr e4s)-to-ws pbo- 
toc†4pby serUiees to the genef4al public. Explote tbs site [Of 
sơwe 0ƒ this Đistoy}, auvl be suze to check 0w te linÉ to 
bouwt FJbn a1l buag1g” to redvl qbout te chế01507) auxl 
£1\ginecrinng requ1redl [or the 1a11tfacture 0ƒ bhotograpbic 

77. 


'WWW, fuelcellwo rÍd.org 


Le fuel cells 2 2 se2rcb keytuozdl and you 1uilÏ find 4 0win- 
ber 0[Ðr1UAl€ c01paifeš d0udl 016a111z4i10195, sú€Đ đš tê Í100 
namedl bere, that are dedlcateil to 1broUing the €[]c/eñncy 
0ƒ ftuel cell andl publicizing tbeir ae. Fuel cell are certainly 
4 1UaUê 0ƒ the ƒHfM1. 
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OXIDATION AND REDUCTION 


Visit The Chemistry Place at: 
Www.aw-bc.com/chemplace 


THE WONDER CHEMICAL, 
BUT... 


hat chemical holds the record 

for saving the most lives? Peni- 

cïllin? Aspirin? Guess agaïn. 
When ït comes to saving lives per- 
haps the most successful chemical is 
chlorine, which has saved many mniÌ- 
lions ofus by disinfecting our drink- 
ïng water. For thỉs reason alone, 
chlorine ranks as a “wonder chemi- 
cal,” but waït, there's morel About 
85 percent of all pharmaceuticals 
and about os percent of alÏ crop- 
protection chemicals are synthesized 
using chlorine. Chlorine is also an 
ïmportant component of many plas- 
tics and ït is used in the manufacture 
of a countless number of products. In 
all,about 4s percent of the U.S. gross 
domestic product is in some way 
rooted ïn chlorine chemistry. In this 
Spotlight, we focus on some of the 
detaïls of the wonders of chÌorine, 
beginning with ïits role in disinfect- 
ïng water and ending with a mindful 
look at some of chlorine's downsides. 

Municipalities chlorinate both 

drinking water and wastewater by 
bubbling chlorine gas, Cl,,through 
the water. The chlorine reacts with 
the water to produce hypochlorous 
acid, HOC], and hydrogen and chlo- 
ride ions. The hypochlorous acid 
sa weak acid and so ït remains un- 
ionized, as shown below. The 
hypochlorous acid is able to pene- 
trate the nonpolar microbial celÏ 
walTls, which makes ït an effective 
disinfectant. 


Cl,(g) + H,O() —> HOClí(aq) 


Chlorine Water Hypochlorous 
gas acid 


+ H(aq) + CT (aq) 


Hydrogen Chloride 
ion ion 


Chlorine and hypochlorous acid, 
as wel] as water-disinfecting bleach 
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solutions, can react with organic 
components of drinking and waste- 
water, creating chlorinated hydrocar- 
bons, many of which are cancer 
causing. Some mmunicipalities have 
therefore switched to chlorine diox- 
ide, CIO,, which doesn't form chỉlori- 
nated hydrocarbons so readily. 

Most chlorine ïs manufactured 
from the electrolysis of saltwater, as 
shown below. Notably, this reaction 
also produces two other valuable 
chemicals, sodium hydroxide, NaOH, 
and hydrogen, H;. 


2 NaCl(aq) + 2 H,O +electricity. —> 
Cl,(g) +2 NaOH(aq) + H,(g) 


Chlorine ïs useful for the manu- 
facture of many chemical products 
even though these products them- 
selves contaïn no chlorine. Io create 
titanium metal, for example, the 
mineral titanium đioxide is reacted 
with chlorine to form titanium tetra- 
chloride, T¡CÌ, (sometimes humor- 
ously called “tickle”), which is then 
reduced by magnesium metal, Mg, as 
shown in the following equations: 


Wi@ E2 GIEG =° nIIGI, GV 
T¡C,+2Mg —> 2MgCl;+Ti 


Interestingly, titanium tetrachloride 
1s the “ink”used by skywriters. WVhen 
the pilot is ready to maneuver the 
airplane to spelÏ out words, he or 
she releases a spray of TiCÌ,, which 
reacts with atmospheric moisture 
to form visibly white titanium điox- 
ide particles. 


Numerous chemicals important 
†o our wel]-beïng contain chlorine 
atoms. Chemists designing pharma- 
ceuticals and crop-protection chem- 
icals, for example, often add 
chlorine atoms to the structure ïn 
order to rmnodïify the potency. The 
antianxiety agent Valium is an 
example. 


CI ZN 


Valium 


About one-third of the 4o million 
tons of chlorine produced annually 
goes to the mmanufacture of polyvinyl 
chloride, PVC, which ïs one of the 
most versatile of all plastics. PVC ïs 
ubiquitous, being used for pipes, 
flooring, electrical insulation, walÌ- 
paper, school supplies, swïmming 
pools, and many other daïÌy-use 
products. 

So chlorine has certainly becorne 
an integral part of modern life. There 
is an important aspect of chlorine 
chemistry, however, that everyone 
should be aware of. Specifically, chlo- 
rỉne reacts with organic molecules to 


form a class of toxic molecules 
known as persistent organic polÏu- 
tants, also known as POPs. A well- 
known group of POPs are the dioxins, 
which are represented by the com- 
pounnd 2,3, 7, 3-tetrachloro-benzo-p- 
đioxin, also known as ICDD.These 
agenfs cause cancer and đisrupt 
many bodily systems, especially those 
related to reproduction,immune 
responses, and hormones. Chỉildren 
are particularly susceptible because 
their bodies are still developind. 


C1 O Cl 
CI O Gi 
TCDD 


All persistent organic pollutants 
share at least three qualities: (1) They 
are chemically stable such that they 
don't decompose ïn the environ- 
rnent—that is, they can “persist” for 
many years. (2) They are nonpolar 
†oxins that tend to bioaccumulate 
within fatty tissues, especially in 
Organisms higher in the food chaïn, 
like us humans. (3) They are semi- 
volatile, which enables them to evap- 
orate into the atmosphere and be 
carried long distances by the wind so 
that they are found globally. 

Some POPs, such as the insecti- 
cide DDT (Chapter 15) are created on 
purpose. Many persistent organic 
pollutants, however, are created 
inadvertently, such as POPs that 
form upon the chlorine bleaching of 
paper. When possible, these POPs are 
sequestered as wastes. In the past, 
these wastes were not known to be 
harmful and they were often 
1mproperly buried only to create 
later environmerntal hazards, as 
occurred at Love Canal, NY, ín the 
late 197Os. 

Wherever chlorine organic com- 
pounds are burned, persistent 


organic pollutants are formed, espe- 
cially when there is less than optimal 
oxygen avaïlable and the burning 1s 
incomplete. Since the 197os, however, 
industrial emissions of POPs have 
declined over 9o percent, largely due 
to enforced requlations and technol- 
ogy that allows for cleaner burning. 
Today, the most significant source of 
POPs, especially đioxins, is from back- 
yard trash burning, typically done in 
large metal barrels. Many rnuniici- 
palities now outlaw this hazardous 
practice. 

Just as we are surrounded by the 
beneficial products of chlorine, so are 
we surrounded by chlorine's toxic by- 
products. The average American diet, 
for example, provides about o.1o 
naanograms of dioxins per day. Even 
remote regions, such as Arctic habi- 
tats, have mmeasureable quantities of 
POPs. In response, nations organized 
the Stockholm Convention on Persis- 
tent Organic Pollutants in 2oo1 
during which a global protocol for 
containing POPs was created 
(www.pops.int). 

You are encouraged to do your 
own personal research. Many web- 
sites, such as www.ejnet.org/dioxin, 
wïll tell you POPs are a problem of 
epic proportions. Others, such as 
WWW.C3.0rg, WiÏl point to evidence 
showïing that the concentration of 
POPs in humans has been reduced 
dramatically over the past 3O years, 
while the production of PVC and 
other chlorine compounds has more 
than tripled. Chlorine is indeed a 
wonder chemiical, but as with any 
technology, we need to make sure 
that the benefits are well worth the 
Tisks. Becoming a well-informed citi- 
zen is a good place to start. 


cK 

Why should you never discard 
plastic wrap into a hot barbeque 
gritl 


Was thỉs your answer? Many 
plastic wraps contain chlorine. 
The combustion of this plastic 
emits a large dose of dioxin and 
other POPs directly onto your 
food or into the air you breathe. 


IN THE SPOTLIGHT 
DISCUSSION QUESTIONS 


1. We ]ive in a time when 1.1 billion 
people lack access to safe drinking 
water. Chlorine powders, such as 
sodium hypochlorite, NaC]O, how- 
ever, can provide a family with 
safe drinking water for as littÌe as 
1o cents/day. What agencies or 
institutions should be involved 
ïn getting such water disinfec- 
tants to people who need them? 
What obstacles rmight be encoun- 
tered and how might they be 
Overcome? 


2. What would you do ïf you discov- 
ered that your neighborhood was 
buïlt upon a leaking toxic waste 
dump? Might you be able to sell 
your house? What would you do if 
governmental agencies told you 
that there was no proof that the 
†oxic wastes were causing you 
harm? 


G2 


. The compound tetraethyl lead, 
Pb(CH,CH.)„, was first forrmnulated 
with gasoline in the 192os to help 
car engines run more srnoothly. It 
was known to be poisonous to 
humans, yet a ban on leaded gaso- 
line ïn the United States didn't 
occur until the 197Os. In many 
countries, leaded gasoline is stilÌ 
ïn use. Explain how this relates 
or doesnit relate to the chlorine 
industry. 


4. Why are we not ïn danger of ever 
running out of chlorine? Does this 
mnean that the cost of producing 
chlorine wïll remain relatively 
stable? 


5s. How much effort should really be 
put into controlling POPs when 
average life spans of humans con- 
tinue to increase so remarkably?. 
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12.1 


12.2 


12.3 


12.4 


Hydrocarbons Contain Only 
Carbon and Hydrogen 


Unsaturated Hydrocarbons 
Contain Multiple Bonds 


Organic Molecules Are 
Classified by Functional Group 


Organic Molecules Can Link 
†o Form Polyrmners 


1MAĂ...—" 


A SURVEY OF CARBON- 
BASED MOLECULES 


E2 

Carbon atoms have the ability to link together and thereby 
form molecules rmnade up of many carbon atoms. Add to this 
the fact that any of the carbon atoms in such a chaïin can 
also bond with atormns of other elements, and you see the po5- 
sibility of an endless number of different carbon-based mol- 
ecules. Each molecule has its own unique set of physical, 
chemical, and biological properties. The flavor of vanilla, for 
example, is perceived when the compound vamillin is 
absorbed by the sensory organs in the rmmouth and nose. This 
compound consists of a ring of carbon atoms with oxygen 
atoms attached ïn a particular fashion. Vanillin is the essen- 
tial ingredient in anything having the flavor of vanilla— 
without vanillin, there is no vanilla flavor. The flavor of choco- 
late, on the other hand,is generated when not just one but a 
wide assortmerntt of carbon-based molecules are absorbed in 
the mouth and nose. One of the more significant of these 
molecules is tetrarmethylpyrazine, which has a rỉng of nitro- 
gen and carbon atoms attached ïn a particular fashion. 

Life is based on carbonis ability to bond with other carbon 
atoms to form diverse structures. Reflecting this fact, the 
branch of chemistry that is the study of carbon-containing 
compounds has come †o be known as organic chemistry. The 
term orgarnic is derived from organism and is not necessarily 
related to the environmentally friendly form of farming dis- 
cussed in Chapter 1s. Ioday, more than 13 million organic 
compounds are known, and about 100,OOO neéw ones are 
added to the list each year. This includes those discovered in 
nature and those synthesized in the laboratory. (In contrast, 
there are only 2oo,ooo to 30o,OOO known ïnorganic com- 


pounds, those based on elements other than carbon.) 
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CHAPTER 12 


ORGANIC COMPOUNDS 


Methane, CHạ 


S co 


Because organic compounds are so closely tied to living organisms and 
because they have many applications—from flavorings to fuels, polyrmers, 
medicines, agriculture, and more—it is important to have a basic under- 
standing of them. We begin with the simplest organic compounds—— 


those consisting of only carbon and hydrogen. 


® 12.1 Hydrocarbons Contaïin Only Carbon 
and Hydrogen 


| kem compounds that contain only carbon and hydrogen are hydroc- 

arbons, which differ from one another by the number of carbon and 
hydrogen atoms they contain. The simplest hydrocarbon ¡is methane, CH, with 
only one carbon per molecule. Methane ¡s the main component of natural øas. 
The hydrocarbon octane, C;H;s, has eight carbons per molecule and is a com- 
ponent of gasoline. The hydrocarbon polyethylene contains hundreds of carbon 
and hydrogen atoms per molecule. Polyethylene is a plastic used to make many 
Items, including milk containers and plastic bags. 


Octane, CaH¡g Polyethylene 


Hydrocarbons also differ from one another in the way the carbon atoms connect 
to cach other. Figure 12.1 shows the three hydrocarbons 7z+pentane, Zø-pentane, and 
£ø-pentane. [hese hydrocarbons all have the same molecular formula, C.H;+„, but 
are structurally different from one another. The carbon framework of zpentane is a 
chain of five carbon atoms. Ïn Zø-pentane, the carbon chain branches, so that the 
Íramework is a Ø-carbon chain branched at the second carbon. Ín ø£2-pentane, a 
central carbon atom is bonded to four surrounding carbon atoms. 

ÑWc can see the different structural features of ø-pentane, Zs2-pentane, and 
£ø-pentane more clearly by drawing the molecules in two dimensions, as 
shown ¡n the middle row of Figure 12.1. AlternativeÌy, we can represent them 
by the s//c£ s/yc£zzes shown in the bottom row. A stick structure is a commonly 
used, shorthand notation for representing an organic molecule. Each line (stick) 


12.1 HYDROCARBONS CONTAIN ONLY CARKBON AND HYDROGEN 


ñ 
¡"m7 " Bu 
*>/ x. LỚN 
% ế 6 %ẽz—H 
s.. 7 ở 
H HH H Ãï l1 T 
.. `. 
n-Pentane,C;Hì; iso-Pentane,CzH; 


FIGURE 12.1 


These three hydrocarbons all have the same molecular formula. ÑWe can see their dif- 
ferent structural features by highlighting the carbon framework in two dimensions. 
Easy-to-draw stick structures that use lines for all carbon—carbon covalent bonds can 
also be used. 


represents a covalent bond, and carbon atoms are understood to be wherever 
two or more straipht lines meet and at the end ofany line (unless another type of 
atom is drawn at the end of the line). Any hydrogen atoms bonded to the car- 
bons are also typically not shown. Instead, their presence is implied so that the 
focus can remain on the skeletal structure formed by the carbon atoms. 

WWhen every carbon atom ¡in a hydrocarbon except the two terminal ones Is 
bonded to only two other carbon atoms, the molecule ¡s called a sz/e/#-cba/n 
jyarocarzbøw. (Do not take thĩs name literally, for, as the Z-pentane structures in 
Figure 12.1 show, this is a straight-chain hydrocarbon despite the zigzag nature 
of the drawings representing it.) Ñ/hen at least one carbon atom in a hydrocar- 
bon ¡s bonded to either three or four carbon atoms, the molecule is a ÓzcbeZ 
hyẩrocarbøø. Both 7sø-pentane and 7£ø-pentane are branched hydrocarbons. 

Molecules such as ø-pentane, Zsø-pentane, and 7zø-pentane, which have the 
same molecular formula but different structures, are known as structural iso- 
mers. Structural isomers have different physical and chemical properties. For 
example, 7-pentane has a boiling point of 36°C, 7sø-pentane§ boiling point Is 
30°C, and øø-pentane§ ¡s 10°C. 

The number of possible structural isomers for a chemical formula Increases 
rapidly as the number of carbon atoms Increases. Ihere are 3 structuraÏ isomers 
for compounds having the formula C.H¡;, 18 for C;H;;, 75 for C¡ạH;;, and a 
whopping 366,319 for C„H„¿l 

Carbon-based molecules can have different spattal orientations called con- 
formations. Flex your wrist, elbow, and shoulder joints, and yoưÏÏ ñnd your 
arm passing through a range ofconformations. Likewise, organic molecules can 
twist and turn about their carbon~carbon single bonds and thus havc a range of 


neo-Pentane,CzHì; 
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FIGURE 12.2 l =—.= —= ma ———— = Te<5 ¬ 


"Three conformations for a mole- 
cule of z-pentane. The molecule 
looks different in each conforma- 
tion, but the five-carbon Írame- 
work ¡s the same ¡n all three 
conformations. In a sample of 
liquid z-pentane, the molecules 
are found ¡n all conformations—— 
not unlike a bucket of worms. 


conformations. The structures in Figure 12.2, for example, are different confor- 
mations of 7-pentane. 


NCE 
x ChEckK 
Which carbon-carbon bond was rotated to go from the “before” conforma- 
tion of íso-pentane to the “after” conformation: 


b b 
a € a C 
d 
d 
Before After 
" 
AI ` Was thỉs your answer? The best way to answer any question about the con- 


formation of a molecule is to play around with molecular models that you 


E800 n6 nII j1 can holdin your hand. In this case, bond c rotates in such a way that the car- 


essay on page 288, we are plÌacing 


unusually large amounts of car- bon at the right end of bond d comes up out of the plane of the page, 

bon đioxide ïnto the atmosphere mnomentarily points straight at you, and then plops back into the plane of 
by the burning offossil fuels. The the page below bond c. This rotation is similar to that of the arm of an arm 
effect is a warming of the atmos- wrestler who, her arm just above the table as she is on the brink of losing, 


phere and a rising of sea levels. 


The atmosphere, however, is suddenly gets a surge of strength and swings her opponents arm (and her 
not the only possible repository own) through a half-circle arc and wins. 

for the carbon dioxide we pro- 

duce. The smokestacks of power b b 

plants, for example, can be rmmodi- c ==. a2. 

fied to capture CO,, which ïs then PB d 

liquified and pumped kilometers d 

deep ïnto the ground. This idea is 

not so far-fetched. Underground Beföre Atter 


storage of carbon dioxide is 
already being employed at the 
mẻ Hydrocarbons are obtained primarily from coal and petroleum, both formed 
Algeria. Such a system, however, ï l SG ẠN| d SAU TÊN l f M nã Ị 
would have its costs.The priceof__ wWhen plantand animal matter decays in the absence ofoxygen. Most of the coa 
electricity from aCO,-capturing_ and petroleum that exist today were formed between 280 and 395 million years 
coal-fired power plant wouldrise ago. At that time, Earth was covered with extensive swamps that, because they 
DỊ SRGUIE ĐI DEMTEEHHC BI" were close to sea level, periodically became submerged. The organic matter of 


†erm costs of not implementing Ñ TP Bún À hl f Ẽ dị ẳ II 
such systems, however, may be the swamps was DburIed beneath layers of marine sediments and was eventually 


even greater. transformed to either coal or petroleum. 
MORE TO EXPLORE:- Coal is a solid mineral containing many large, complex hydrocarbon mole- 
11g 10 0Jj111y cules. Most of the coal mined today ¡s used for the production of steel and for 


hô ng con generating electricity at coal-burning power plants. 
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FIGURE 12.3 


==E > Natural gas 
(29 A schematic for the fractional 


COOLER distillation of petroleum into irs 
sẽ SGa-dllne useful hydrocarbon components. 
—> 
Fractionating 
tower — 
==>kKerosene 
—> 
Pipe still ==>Diesel 
==>lLubricants 
Crude 
Ôi === WARMER 
=Ð>lar 


Petroleum, also called crude oil, ¡s a liquid readily separated into ¡ts hydro- 
carbon components through a process known as ///ø⁄/ álzstzllz7øn, shown In 
Eigure 12.3. The crude oiÏ ¡is heated in a pipe suilÏ to a temperature high enough 
to vaporize most of the components. The hot vapor flows into the bottom ofa 
fractionating tower, which is warmer at the bottom than at the top. As the vapor 
rises in the tower and cools, the various components begin to condense. Hydro- 
carbons that have hiph boiling points, such as tar and lubricating stocks, con- 
dense first at warmer temperatures. Hydrocarbons that have low boiling points, 
such as øasoline, travel to the cooler regions at the top of the tower before con- 
densing. Pipes drain the various liquid hydrocarbon fractions from the tower. 
Natural gas, which ¡s primarily methane, does not condense. Ít remains a gas 
and is collected at the top of the tower. 

Differences in the strenegth of molecular attractions explain why different 
hydrocarbons condense at different temperatures. As discussed in Section 
7.1, in our comparison of induced dipole-induced dipole attractions in 
methane and octane, larger hydrocarbons experilence many more of these 
attractions than smaller hydrocarbons do. For this reason, the larger hydro- 
carbons condense readily at high temperatures and so are found at the bot- 
tom of the tower. Smaller molecules, because they experience fewer 
attractions to neighbors, condense only at the cooler temperatures found at 
the top of the tower. 

The gasoline obtained from the fractional distillation of petroleum consists 
o£a wide variety of hydrocarbons having similar boiling points. Some of these 
components burn more efficiently than others in a car engine. The straipht- 
chain hydrocarbons, such as z-hexane, tend to burn too quickly, causing what 
is called Z7zg/ze &øøcE, as iÌlustrated in Figure 12.4. Gasoline hydrocarbons that 
have more branching, such as 7zsø-octane, burn slowly, and as a result the 
engine runs more smoothly. These two compounds, z-hexane and Zø-octane, 
are used as standards in assigning 2/2 77s to gasoline. An octane number 
o£ 100 ¡s arbitrarily assipned to 7zø-octane, and ø-hexane is assigned an octane 
number o£0. The antiknock performance ofa particular gasoline is compared 
with that ofvarious mixtures oÊ 7s2-octane and z-hexane, and an octane num- 
ber ¡s assigned. Figure 12.5 shows octane information on a typical gasoline 


pump. 
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FIGURE 12.4 


(a) A straight-chain hydrocarbon, 
such as ø-hexane, can be ignitcd 
from the heat generated as gas- 
oline is compressed by the 
pIston—before the spark plug 
Rres. This upsets the timing of 
the engine cyclÌe, giving rise to a 
knocking sound. (b) Branched 
hydrocarbons, such as 7s2-octane, 
burn less readily and are ignited n-Hexane 
not by compression alone but 

only when the spark plug fires. 


knock 


(a) 


-©K 


iso-Octane 


cK 
Which structural isomer ïn Figure 12.1 should have the highest octane rating? 


Was thỉs your answer? The structural isomer with the greatest amount of 
branching in the carbon framework will likely have the highest octane rat- 
ïng, making neo-pentane the clear winner. Just for the record, the ratings are 


Compound Octane rating 
FIGURE 12.5 TP EUUETME S7 

iso-Pentane 923 
Octane ratings are posted on neo-Pentane T16 


gasoline pumps. 


% 12.2 Unsaturated Hydrocarbons Contain 
Multiple Bonds 


ecall from Section 6.1 that carbon has four unpaired valence electrons. Âs 
shown In Figure 12.6, each of these electrons 1s available for pairing with 
an electron from another atom, such as hydrogen, to form a covalent bond. 

In all the hydrocarbons discussed so far, including the methane shown in 
Figure 12.6, cach carbon atom ¡is bonded to four neighboring atoms by four sin- 
gle covalent bonds. Such hydrocarbons are known as saturated hydrocarbons. 


Carbon“s four 
valence electrons 
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Also 
depicted 
Covalent bond as 


Hi H n 


H C: li + HCl l=ẲG. LH 


FIGURE 12.6 


H | 


Methane 


H 


Carbon has four valence electrons. Each electron pairs with an electron from a 
hydrogen atom ¡n the four covalent bonds of methane. 


The term s2/z⁄/eZ means that each carbon has as many atoms bonded to ït as 
possible. We now explore cases where one or more carbon atoms in a hydrocar- 
bon are bonded to fewer than four neighboring atoms. This occurs when at least 
one of the bonds between a carbon and a neighboring atom ¡is a multiple bond. 
(See page 198 for a review of multiple bonds.) 

A hydrocarbon containing a multiple bond—either double or triple—is 
known as an unsaturated hydrocarbon. Because of the multiple bond, two of 
the carbons are bonded to fewer than four other atoms. These carbons are thus 


said to be /72§2/7⁄/cd. 


Eigure 12.7 compares the saturated hydrocarbon Z-butane with the unsatu- 
rated hydrocarbon 2-butene. The number ofatoms bonded to each of the two 
middle carbons of z-butane ¡s four, whereas cach of the two middle carbons of 
2-butene is bonded to only three other atoms—a hydrogen and two carbons. 

An important unsaturated hydrocarbon ¡is benzene, C„H¿, which may be 
drawn as three double bonds contained within a Ñat hexagonal ring, as is shown 
in Fipure 12.8a. Unlike the double-bond electrons in most other unsaturated 
hydrocarbons, however, the electrons of the double bonds in benzene are not 
ñxed between any two carbon atoms. Instead, these electrons are able to move 
freely around the ring. This is commonly represented by drawing a circle within 
the ring, as shown in Figure 12.8b, rather than the individual double bonds. 


Saturated hydrocarbon Únsaturated hydrocarbon 


THỊ HB H 


ft lì bệ -Eì NZ `“ 
`". - 1... .- 
H H 
¬C” + xH = 
.ÑN 'Á \ 
¡1 Hhj kỉ H H 
n-Butane, CaH-o 2-Butene, CaHạ 
FIGURE 12.7 


The carbons of the hydrocarbon z-butane are saturated, each being bonded to four 
other atoms. Because of the double bond, T†WO ofthe carbons ofthe unsaturated 
hydrocarbon 2-butene are bonded to only three other atoms, which makes the mol- 
ecule an unsaturated hydrocarbon. 
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FIGURE 12.8 


- (a) The double bonds ofbenzene, 

- CgH¿, are able to miprate around 
the ring. (b) Eor thís reason, they 
are often represented by a circle 
within the ring. 


wo carbon atoms connected by a 

single bond can rotate relative to 

each other. As we điscussed ïn Sec- 
tion 12.1, this ability to rotate can give 


Tise to numerous conformations 


(spatial orientations) of an organic 
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(a) (b) 


Many organic compounds contain one or more benzene rings in their 
structure. Because many of these compounds are Íragrant, any organic mole- 
cule containing a benzene ring is classified as an aromatic compound (even If 
it is not particularly fragrant). Figure 12.9 shows a few examples. Toluene, a 
common solvent used as paint thinner, ¡s toxic and gives airplane gølue its dis- 
tinctive odor. Some aromatic compounds, such as naphthalene, contain two 
or more benzene rings fused together. At one time, mothballs were made of 
naphthalene. Most mothballs sold today, however, are made of the Ìless toxic 
1,4-dichlorobenzene. 

An example of an unsaturated hydrocarbon containing a triple bond ¡s 
acetylene, C,H;. A confned flame of acetylene burning in oxygen is hot 
enough to melt iron, which makes acetylene a choice fuel for the welding 
shown ¡n Figure 12.10. 


TWISTING JELLY BEANS | 


the jelly beans firmly with one 
hand while rotating the second 
jelly bean with your other hand. 
Observe how there is no restric- 
tion on the đifferent orientations 
of the two jelly beans relative to 
each other. 


pose has more possible conforma- 
tions: n-butane or 2-butene? What do 
you suppose is true about the ability 
of atoms connected by a carbon— 
carbon triple bond to twist relative to 
each other? 


mnolecule. Is ït also possible for carbon 


atoms connected by a double bond to 
rotate relative to each other? Perform 
this quïck activity to see for yourself. 


WHAT YOU NEED 


Jelly beans (or gumdrops),round 
toothpicks 


PROCEDURE 


1. Attach one jelly bean to each end 
of a single toothpick. Hold one of 


2. Hold two toothpicks side by side 
and attach one jelly bean to 
each end such that each jelly 
bean has both toothpicks poked 
into ït. As before, hold one jelly 
bean while rotating the other. 
What kind of rotations are possï- 
ble now? 


Relate what you observe to the 
carbon-carbon double bond.Which 
structure of Figure 12.7 do you sup- 
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lôi 


tài 


Toluene Naphthalene 1,4-Dichlorobenzene 


FIGURE 12.9 


The structures for three odoriferous organic compounds containing one or more 
benzene rings: toluene, naphthalene, and 1,4-dichlorobenzene. 


E€K 

Prolonged exposure to benzene has been found to increase the risk of devel- 
oping certain cancers. The structure of aspirin contains a benzene ring. 
Does this necessarily mean that prolonged exposure to aspirin wïÏl increase 
a persons risk of developing cancer? 


O 
⁄2= S1 


Benzene ring 


OH 


Bế 


Aspirin 


Was thỉs your answer? No. Although benzene and aspirin both contain a 
benzene ring, these two molecules have different overall structures, which 
mneans the properties of one are quite different from the properties of the 
other. Each carbon-containing organic compound has ïts own set of unique 
physical, chemical, and biological properties.While benzene may cause can- 
cer, aspirin ïs a safe remedy for headaches. 


FIGURE 12.10 


The unsaturated hydrocarbon 
acetylene, C„,H;, burned in this 
torch produces a Hame hot 
enoueh to melÌt iron. 


H—C=G-—H 


Acetylene 
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® 12.3 _Organic Molecules Are Classified 
 ©) by Functional Group 


TT arbon atoms can bond to one another and to hydrogen atoms in many 
| | ways, which results in an incredibly laree number of hydrocarbons. But 
H—C—C—H Ethane  carbon atoms can bond to atoms of other elements as well, further increasing 
| | the number of possible organic molecules. Ïn organic chemistry, any atom other 
HH H than carbon or hydrogen in an organic molecule ¡s called a heteroatom, where 


jerero- means “different from either carbon or hydrogen.” 

A hydrocarbon structure can serve as a framework to which various het- 
eroatoms can be attached. This is analogous to a Christmas tree serving as the 
scaffolding on which ornaments are hung. Just as the ornaments give character 


H H H 
. 
H—C€C—C—() Ethanol TABLE 12.1 FUNCTIONAL GROUPS IN ORGANIC MOLECULES 
H H General Structure Name Class 
. OH HydroxyÌ group Alcohols 
` \ 
é È O©ØH Phenoli Phenol 
=- == enolic grou enols 
DỤ p s m¡ 
H—( .— Ho Ì Ethylamine ⁄ À 
H H H em: = Ether group Ethers 
| 
lh vớ Amine group Amines 
| 
P-. 0" Ketone group Ketones 
—Á ^G@— 
| | 
Í 
Â=. Aldehyde group Aldehydes 
©) 
| 
-„< Amide group Amides 
| 
O 
Ì 
=--" Carboxy] group Carboxylic acids 
ØH 
O 
Ì 
=.-. Ester group Esters 
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to the tree, so do hcteroatoms give character to an organic molecule. Ín other 
words, hetecroatoms can have profound effects on the properties oŸ an organic 
molecule. 

Consider ethane, C;H,, and ethanol, C;H,O, which differ from cach 
other by only a single oxygen atom. Ethane has a boiling point of =88°C, 
making it a gas at room temperature, and ¡t does not dissolye in water very 
well. Ethanol, by contrast, has a boiling point o£ +78°C, making ït a liquid 
at room tempcerature. Ït ¡s infnitely soluble in water and ¡s the active ingre- 
dient of alcoholic beverages. Consider further ethylamine, C;H;N, which 
has a nitrogen atom on the same basic two-carbon framework. This com- 
pound ïs a corrosive, pungent, highly toxic gas—most unlike either ethane 
or cthanol. 

Organic molecules are classiied according to the functional groups they con- 
tain, where a functional group ¡s defined as a combination of atoms that 
behave as a unit. Most functional groups are distinguished by the heteroatoms 
they contain, and some common groups are listed in Table 12.1. 

The remainder of this secton introduces the classes of organic molecules 
shown ¡in Table 12.1. The role heteroatoms play in determining the properties of 
cach class is the underlying theme. As you study this material, focus on under- 
standing the chemical and physical properties of the various cÏasses of com- 
pounds, for doing so wilÏ øIve you a greater appreciatlon of the remarkable 
diversity of organic molecules and their many applications. 


What ïs the significance of heteroatoms ïn an organic molecule? 


Was thỉs your answer? Heteroatoms largely determine an organic mole- 


}_ 


cule's “personality.” 


ALCOHOLS CONTAIN THE HYDROXYL GROUP 


Alcohols are organic molecules in which a Óy⁄zøxy/ gzøzøp 1s bonded to a satu- 
rated carbon. The hydroxyÌ group consists ofan oxygen bonded to a hydrogen. 
Because of the polarity of the oxygen-hydrogen bond, low-formula-mass aÌco- 
hols are often soluble in water, which is itself very polar. Some common alcohols 
and their melting and boiling points are listed in Table 12.2. 

More than 1T billion pounds of methanol, CH;OH, ¡s produced annually in 
the United States. Most of it ¡s used for making formaldehyde and acetic acid, 
important startine materials in the production of plastics. In addition, methanol 
1s used as a solvent, an octane booster, and an anti-icing agent in øasoline. Some- 
times called wood alcohol because it can be obtained from wood, methanol 
should never be ingested because in the body ¡t is metabolized to formaldehyde 
and formic acid. Formaldehyde ¡s harmful to the eyes, can lead to blindness, and 
was once used to preserve dead biological specimens. Formic acid, the active 
Iingredient in an ant bite, can lower the pH of the blood to dangerous levels. 
Ingestung only about 15 milliliters (about 3 tablespoons) of methanol may lead 
to blindness, and about 30 milliliters can cause death. 

Ethanol, C,H-:OH, is one of the oldest chemicals manufactured by humans. 
The “alcohol” ofalcoholic beverages, ethanol is prepared by feeding the sugars 
Of various pÏants to certain yeasts, which produce cthanol through a biological 
process known as ƒ#277£za/7øø. Ethanol ¡s widely used as an industrial solvent. 
For many ycars, cthanol intended for this purpose was made by fermentation, 
but today industrial-grade cthanol 1s more cheaply manufactured from petro- 
leum by-products, such as cthene, as Figure 12.11 il[ustrates. 


| 
ii ĐỤC 


Hydroxyl group 


ƒyI 


5 The liquid produced by fermenta- 


tion has an ethanol concentra- 
tion no greater than about 12 
percent because at this concen- 
tration the yeast begin to die. This 
is why most wines have an aÌco- 
hol content of 11 or 12 percent— 
they are produced solely by 
fermentation. To attain the 
higher ethanol concentrations 
found in such “hard”alcoholic 
beverages as gin and vodka, the 
fermented liquid must be dis- 
tilled. In the United States, the 
ethanol content of alcoholic bev- 
erages is measured as ?rooƒ, 
which is twice the percent 
ethanol. An 86-proof whiskey, for 
example, is 43 percent ethanol by 
volume. The term ørooƒevolved 
from a crude method once 
employed to test alcohol content. 
Gunpowder was wetted with a 
beverage of suspect alcohol con- 
tent. lf the beverage was prima- 
rily water, the powder would not 
ignite. lfthe beverage contained a 
significant amount of ethanol, 
the powder would burn, thus pro- 
viding “proof” of the beverage's 
worth. 

MORE TO EXPLORE: 
In the United States, alcohol and 
controversy go hand in hand,as 
evidenced by the following two 
websites: 
WWww2.potsdam.edu/hansondj/ 
index.html 
Wwww.madd.org/stats/ 
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Phenolic group 


TABLE 12.2 SOME SIMPLE ALCOHOLS 


Scientific Common Melting Boïling 
Structure Name Name Point (°C) Point (°C) 
| Cả 
lj= ĩ Methanol Methyl alcohol ~97 65 
H 
Tại 
MG OH 
la >8 Ethanol Ethyl alcohol —1I5 78 
H_Ì 
H 
H H 
|, M 
HE  t G—H 2-Propanol Isopropyl alcohol —126 97 
HÌH 
OH 


A third well-known alcohol ïs isopropyl alcohol, also called 2-propanol. This 
¡s the rubbing alcohol you buy at the drugstore. Although 2-propanol has a rel- 
atively hiph boiling point, it readily evaporates, leading to a pronounced cool- 
¡ng effect when applied to skin—an effect once used to reduce fevers. (Isopropyl 
alcohol is very toxic ifingested. Ñ/ashcloths wetted with cold water are nearÌy as 
effective in reducing fever and far safer.) You are probably most familiar with the 
use of isopropyl alcohol as a topical disinfectant. 


PHENOLS CONTAIN AN ACIDIC HYDROXYL GROUP 

Phenols contain a phenolic group, which consists ofa hydroxyl group attached 
to a benzene ring. Because of the presence of the benzene ring, the hydrogen of 
the hydroxyl group is readily lost in an acid-base reaction, which makes the phe- 
nolic proup mildÌy acidic. 

The reason for this acidity ¡s ilÏustrated in Figure 12.12. How readily an acid 
donates a hydrogen ion is a function o£how well the acid ¡s able to accommodate 
the resulting negative charge It gains after donating the hydrogen ion. After phe- 
nol donates the hydrogen ion, it becomes a negatively charged phenoxide ion. 
The negative charge of the phenoxide ion, however, is not restricted to the oxy- 
gen atom. Recall that the electrons of the benzene ring are able to migrate around 


` =. _. _ Ó Phosphoric ` C—O 
P, \ H 2 acid 
H lại H H 


Ethene Water Ethanol 


FIGURE 12.11 


_ Fthanol can be synthesized from the unsaturated hydrocarbon ethene, with phos- 
- phoric acid as a catalyst. 
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— @a-Øx cự 
ị ¬ 


FỊ 


Phenol Phenoxide Hydrogen 
ị (acidic) ion ion 


FIGURE 12.12 


- The negative charge of the phenoxide ion is able to migrate to select positions on the 
- benzene ring. This mobility helps to accommodate the negative charge, which Is 
why the phenolic group readily donates a hydrogen ion. 


the ring. In a similar manner, the electrons responsible for the negative charge of 
the phenoxide ion are also able to miprate around the ring, as shown in Figure 
12.12. Just as it is easy for several people to hold a hot potato by quickly passing 
it around, ¡t is easy for the phenoxide ion to hold the negative charge because the 
charge gets passed around. Because the negative charge of the ion is so nicely 
accommodated, the phenolic group is more acidic than ¡it would be otherwise. 
The simplest phenol, shown in Figure 12.13, ¡s called phenol. In 1867, 
Joseph Lister (1827-1912) discovered the antiseptic value of phenol, which, 
when applied to surgical instruments and incisions, øreatÏy increased surgery 
survival rates. Phenol was the first purposefully used antibacterial solution, or 


bo ` 


Phenol 4-n-Hexylresorcinol 


| 
| 
OH HO OH | 
ị 


OH O | 
(Œ— 


OH 


Thymol Methyl salicylate 


CC bi ( kh KỊP, 


_FIGURE 12.13 


Every phenol contains a phenolic 
group (highlighted in blue). 
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anisepr/c. Phenol damages healthy tissue, however, and so a number of milder 
phenols have since been introduced. The phenol 4-z-hexylresorcinol, for exam- 
ple, 1s commonly used ¡n throat lozenges and mouthwashes. This compound 
has even greater antiseptic properties than phenol, and yet it does not damage 
tissue. Listerine brand mouthwash (named after Joseph Lister) contains the anti- 
septic phenols thymol and methyl salicylate. 


cK 
Why are alcohols less acidic than phenols? 


Was thỉs your answer? An alcohol does not contaïn a benzene ring adjacent 
†o the hydroxy] group. lf the alcohol were to donate the hydroxy] hydrogen, 
the result would be a negative charge on the oxygen. Without an adjacent 
benzene ring, this negative charge has nowhere to go. As a result, an alcohol 
behaves only as a very weak acid, much the way water does. 


THE OXYGEN OF AN ETHER GROUP IS BONDED TO TWO 
CARBON ATOMS 


Ethers are organic compounds structurally related to alcohols. The oxygen atom 
in an ether group, however, is bonded not to a carbon and a hydrogen but rather 
to two carbons. Às we see In Figure 12.14, ethanol and dimethyl ether have the 
same chemical formula, C,H,O, but their physical properties are vastly differ- 
ent. Whereas ethanol ¡s a liquid at room temperature (boiling point 78°€) and 
mixes quite well with water, dimethy] ether is a gas at room temperature (boiling 
point —25°C) and is much less soluble in water. 

Ethers are not very soluble in water because, without the hydroxyl group, 
they are unable to form strong hydrogen bonds with water (Section 7.l). Fur- 
thermore, without the polar hydroxyl group, the molecular attractions among 
ether molecules are relatively weak. As a result, it does not take much energy to 
separate ether molecules from one another. This is why ethers have relatively low 
boiling points and evaporate so readiy. 


¡1 

/ lv) 
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Ethanol: Soluble in water, 
boiling point 78°C 


Dimethyl ether: Insoluble in water, 
boiling point —25°C 


FIGURE 12.14 


The oxygen in an alcohol, such as ethanol, is bonded to one carbon atom and one 
hydrogen atom. The oxygen ¡n an ether, such as dimethyl ether, is bonded to two 
carbon atoms. Because of this difference, alcohols and ethers of similar molecular 
mass have vastly different physical propertics. 
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Diethyl ether, shown in Figure 12.15, was one of the first anesthetics. [he 
anesthetic properties of this compound were discovered in the carly 1800s 
and revolutionized the practice of surgery. Because of its hich volaulity at 
room temperature, inhaled diethyl ether rapidly enters the bloodstream. 
Because this ether has low solubility in water and hígh volaulity, it quickly 
leaves the bloodstream once introduced. Because of these physical properties, 
a surgical patlent can be brought in and out of anesthesia (a state of uncon- 
sciousness) simply by regulatng the gases breathed. Modern-day gaseous 
anesthetics have fewer side effects than diethyl ether but work on the same 
principle. 


AMINES FORM ALKALINE SOLUTIONS 


Amines are organic compounds that conrain the amine øroup—a nitrogen 
atom bonded to one, two, or three saturated carbons. Amines are typically less 
soluble in water than are alcohols because the nitrogen-hydrogen bond is not 
quite as polar as the oxygen-hydrogen bond. The lower polarity ofFamines also 
means their boiling points are typically somewhat lower than those of alcohols 
of similar formula mass. Table 12.3 lists three simple amines. 

One of the most notable physical properties of many low-formula-mass 
amines is their offensive odor. Figure 12.16 on page 406 shows two appropri- 
ately named amines, putrescine and cadaverine, responsible for the odor of 
decaying esh. 

Amines are typically alkaline because the nitrogen atom readily accepts a 
hydrogen ion from water, as Figure 12.17 illustrates. Á group of naturalÏy occur- 
ring complex molecules that are alkaline because they contain nitrogen atoms 
are often called z/&z/øz4. Because many alkaloids have medicinal value, there ¡s 
great Interest in isolating these compounds from pÏants or marine organisms 
containing them. As shown in Figure 12.18, an alkaloid reacts with an acid to 


TABLE 12.3 THREE SIMPLE AMINES 


Melting Boiling 
Structure Name Point (°C) Point (°C) 
H H 
| ấp | 
BH Ethylamine -81 17 
PP gi 
H 
H H H 
MP | | 
mà GÀ 0n 380: Diethylamine —5O S5 
HÌ | H 
H H 
H H 
lấn IL | 
Bb N ử~ lệ, Triethylamine —T $9 
M j LH 
H H 
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Diethyl ether, 
boiling point 35°C 


Diethyl ether is the systematic 
name for the “ether” historically 
used as an anesthetic. 
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Amine group 
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Ỉ B `... 
NH, 
ị Putrescine Cadaverine 
| (1/4-butanediamine) (1,5-pentanediamine) 


-_ FIGURE 12.16 


Í 
- Low-formula-mass amines like these tend to have an offensive odor. 
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_FIGURE 12.17 


Ethylamine acts as a base and accepts a hydrogen ion from water to become the eth- 
ylammonium ion. This reaction generates a hydroxide ion, which increases the pH 
of the solution. 


l@) lu l@) Nho 
H;ạC Ha. _ 

3 N N 3 ` N£ H 
| Bì | + HạPO, —> Siỗ ) HuPO, 
| O " N O Ì N | 
| CH;ạ CH: 

Caffeine, free-base form Phosphoric Caffeine-phosphoric acid salt 

(water-insoluble) acid (water-soluble) 


_FIGURE 12.18 


- AI alkaloids are bases that react with acids to form salts. An example is the alkaloid 
. caffeine, shown here reactng with phosphoric acid. 
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form a salt that is usually quite soluble in water. This is in contrast to the non- 
lonizcd form of the alkaloid, known as a #£c 6asểand typically insoluble in water. 

Most alkaloids exist in nature not in their free-base form but rather as the salt 
öỀ naturally occurring acids known as #25, a group of phenol-based organic 
acids that have complex structures. The alkaloid salts of these acids are usually 
mụuch more soluble in hot water than in cold water. The caffcine in coffee and 
tea exists in the form of the tannin salt, whích ¡s why coffee and tea are more 
effectively brewed in hot water. As Figure 12.19 relates, tannins are aÌso respon- 
sible for the stains caused by these beverages. 


Why do most caffeinated soft drinks also contaïn phosphoric acid? 


Was thỉs your answer? The phosphoric acid, as shown ïn Figure 12.18, reacts 
with the caffeine to form the caffeine-phosphoric acid salt,which is much 
more soluble in cold water than the naturally occurring tannin salt. 


KETONES, ALDEHYDES, AMIDES, CARBOXYLIC ACIDS, AND ESTERS 

ALL CONTAIN A CARBONYL GROUP 

The carbonyl group consists of a carbon atom double-bonded to an oxygen 
atom. Ït occurs in the organic compounds known as ketones, aldehydes, amides, 
carboxylic acids, and esters. 

A ketone is a carbonyl-containing organic molecule in which the carbonyl 
carbon ¡s bonded to two carbon atoms. A familiar example of a ketone is 
2cefowe, which is often used in ñngernail polish remover and ¡s shown in Figure 
12.20a. In an aldehyde, the carbonyl carbon ¡is bonded either to one carbon 
atom and one hydrogen atom, as in Figure 12.20b, or, in the special case of 
formaldehyde, to two hydrogen atoms. 


O | 
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FIGURE 12.20 


(a) When the carbon ofa carbonyÌ group 1s bonded to two carbon atoms, the result 
is a ketone. An example ¡s acetone. (b) When the carbon ofa carbonyl proup Is 
bonded to at least one hydrogen atom, the result is an aldehyde. An example is 
propionaldchydc. 


FIGURE 12.19 


Tannins are responsible for the 


- brown stains in coffee mugs or 


on a coffee drinkers teeth. 
Because tannins are acidic, they 
can be readily removed with an 
alkaline cleanser. se a lirtle 
laundry bleach on the mug, and 
brush your teeth with baking 
soda. 


Aldehyde group 
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MỤC - chả, 


Citral 


Aldehydes are responsible for 


many familiar fragrances. 
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| Carboxyl group 
Amide group 


Cinnamonaldehyde Benzaldehyde HO 


Vanillin 


Many aldehydes are particularly fraprant. A number of flowers, for example, 
owe their pleasant odor to the presence of simple aldehydes. The smells of 
lemons, cinnamon, and almonds are due to the aldchydes citral, cinnamalde- 
hyde, and benzaldehyde, respectively. The structures of these three aldehydes are 
shown ¡in Figure 12.21. The aldehyde vanillin, introduced at the beginning of 
this chapter, is the key favoring molecule derived from the vanilla orchid. You 
may have noticed that vanilla seed pods and vanilla extract are fairly expensive. 
Imitation vanilla flavoring ¡s less expensive because ït is merely a solution of the 
compound vanillin, which is economically synthesized from the waste chemi- 
cals of the wood pulp industry. Imitation vanilla does not taste the same as nat- 
ural vanilla extract, however, because in addition to vanillin many other flavorful 
molecules contribute to the complex taste of natural vanilla. Many books made 
in the days before “acid-free” paper smell of vanilla because of the vanillin 
formed and released as the paper ages, a process that ¡s accelerated by the acids 
the paper contains. 

An amide ¡sa carbonyl-containing oreanic molecule in which the carbonyl car- 
bon ïs bonded to a nitrogen atom. The active ingredient oŸ most mosquito repel- 
lents is an amide whose chemical name ¡s /ẤW,jMdiethyl-zztoluamide but ¡s 
commtercially known as DEET, shown in Eigure 12.22. This compound ís actu- 
ally not an Insecticide. Rather, it causes certain insects, especially mosquitoes, to 

lose their sense of direction, which effectivcly protects DEET wecarers from 
being bitten. 

A carboxylic acid ¡s a carbonyl-conrtaining organic molecule in which 
the carbonyl carbon ¡s bonded to a hydroxyl group. As its name implies, 
this functional group ¡s able to donate hydrogen ions, and as a result 
organic molecules containing it are acidic. An example is acetic acid, 
C,;H¿O;, the main ingredient of vinegar. You may recall that this organic 
compound was used as an example ofa weak acid back in Chapter 10. 


CH;CH; 
Ẫ) 
`CH;CH; 
CH;ạ 
Ñ,N-Diethyl-m-toluamide 
(DEET) 


FIGURE 12.22 


ẤM; Mdicthyl-zz-toluamide ïs an 
example oFan amide. Amides 
contain the amide group, shown 


highlighted in blue. 
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FIGURE 12.23 


The negative charge of the carboxylate ion is able to pass back and forth between the 
two oxygen atoms of the carboxyÌ øgroup. 


As with phenols, the acidity ofa carboxylic acid results in part from the abil- 
ity of the functional group to accommodate the negative charge of the ion that 
forms after the hydrogen ion has been donated. As shown ¡in Figure 12.23, a car- 
boxylic acid transforms to a carboxylate ion as ít loses the hydrogen ion. The 
negative charge of the carboxylate ion is able to pass back and forth between the 
two oxygens. This spreading out helps to accommodate the negative charge. 

An interesting example of an organic compound that contains both a car- 
boxylic acid and a phenol ¡is salicylic acid, found in the bark of the willow 
tree and illustrated in FEigure 12.24a. At one time brewed for its antipyretic 


Carboxyl 
group 
Phenolic l@) 
group 
` OH 
OH 
(a) Salicylic acid 
Carboxyl 
group 
`cỘ 
OH 


Aspirin 
(acetylsalicylic acid) 


St 


(a) Salicylic acid, found ïn the 
bark of the willow tree, is an 
example oŸa molecule containing 
both a carboxyl group and a phe- 
nolic eroup. (b) Aspirin, acetyl- 
salicylic acid, ¡s less acidic than 
salicylic acid because it no longer 
contains the acidic phenolic 
group, which has been converted 
tO an €St€T. 
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(fever-reducing) effect, salicylic acid is an important analgesic (painkiller), 
but it causes nausea and stomach upset because ofits relatively high acidity, a 
result of the presence of two acidic functional groups. In 1899, Eriederich 
Bayer and Company, in Germany, introduced a chemically modifed version 
of this compound in which the phenolic group was transformed to an ester 
functional group. Because both the carboxyÌ group and the phenolic group 
contribute to the high acidity of salicylic acid, getting rid of the phenolic 
group reduced the acidity of the molecule considerably. The result was the 
less acidic and more tolerable acetylsalicylic acid, the chemical name for 
aspirin, shown ¡in Eigure 12.24b. 

An ester is an organic molecule similar to a carboxylic acid except that in the 
ester the hydroxyl hydrogen ¡s replaced by a carbon. Unlike carboxylic acids, 
esters are not acidic because they lack the hydrogen of the hydroxyl group. Like 
aldehydes, many simple esters have notable fragrances and are used as flavorings. 
Some familiar ones are listed ¡in Table 12.4. 


TABLE 12.4 SOME ESTERS AND THEIR FLAVORS AND ODORS 


Structure Name Flavor/Odor 
O 
ù 
Ethyl formate Rum 
H“ `O—CH;CH; Ề 
Ì CH; 
<2 bo. | 
HạC ME... dê Isopentyl acetate Banana 
CH; 
O 
|) 
Octyl acetate Orange 
HạC ”O—CH,(CH;),CH; s ' 
| 
C Ethyl butyrate Pineapple 
CH;ạCH;ạCHƒZ“ `O—CH;CH; nhện dã 
O 
|) 
Methyl butyrate Apple 
CH;ạCH,CHZ“ `O—CH; da. Mã 
Ì CH; 
` | 
H =“.. Isobutyl forrmate Raspberry 
CH¿ạ 
lô) 
O—CH¿ạ Methyl salicylate Wintergreen 
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Identify all the functional groups in these four mmolecules (ignore the sulfur 
group ïn penicillin G): 


Acetaldehyde 


Testosterone Morphine 

Was thỉs your answer? Acetaldehyde: aldehyde; penicillin G: amide (two 
amide groups), carboxylic acid; testosterone: alcohol and ketone; morphine: 
alcohol, phenol, ether, and amine. 
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olymers are exceedingly long molecules that consist of rebeating molecular 
units called monomers, as Figure 12.25 illustrates. Monomers have relatively 
simple structures consisting ofanywhere from 4 to 100 atoms per molecule. hen 
chained together, they can form polymers consisting of hundreds of thousands of 
atoms per molecule. These large molecules are suill too small to be seen with the 
unaided eye. They are, however, giants in the world of the submicroscopic—Ifa 
typical polymer molecule were as thick as a kite string, it would be 1 kilometer long. 

Many of the molecules that make up living organisms are polymers, Including 
DNA, proteins, the cellulose of plants, and the complex carbohydrates of starchy 
foods. ÑWe leave a discussion of these important biological molecules to Chapter 
13. For now, we focus on the human-made polymers, also known as synthetic 
polymers, that makxe up the class of materials commonly known as pÏastics. 

Wc begin by exploring the two major types of synthetic polymers used 
today——z1øn pojwers and cø4esaion polers. This provides a good back- 
ground for the discussion of plastics in Chapter 18. 
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'z In the 18oos most salicylic acid 


ị 
ị 
Ị 


1ised by people was produced not 
from willow bark, but from coal 
†ar. Tar residues within the sali- 
cylIc acid had a nasty taste. Ih1s 
combined with salicylic acid's 
stomach irritation led many to 
view the salicylic acid cure to be 
Wworse than the disease. Felix 
Hoffman was the chemist work- 
ing at Bayer & Co. who ïn 1897 
added the acety] group to the 
phenol group of salicylic acid. 
According to Bayer, Hoffman was 
inspired by his father who had 
been complaining about salicylic 
acids side effects. Io market the 
new đrug, Bayer ïnvented the 
name aspirin, where “a” is for 
acetyl, “spir” is for the spirea 
flower (another natural source of 
salicylic acid), and “in” as a com- 
mon suffix for medications. After 
World War l, Bayer,a German 
company, lost the rights to use 
the name aspirin. Bayer didn't 
regain these rights until 1294 for 
a steep price of $1 billion. 

MORE TO EXPLORE: 
Bayer s website for the history of 
Aspirin. 
WWW.Dayeraspirin.cormm/ 
questions/hundred_aspirin.htm 


FIGURE 12.25 


-_ A polymer Is a long molecule 


consistine of many smaller 
monomer molecules linked 
topether. 
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Addition Polymers 


Polyethylene (PE) 


Polypropylene (PP) 


Polystyrene (PS) 


Polyvinyl chloride (PVC) 


Polyacrylonitrile (Orlon) 


Polymethyl methacrylate 
(Lucite, Plexiglass) 


Condensation Polymers 


Nylon 


Polyethylene terephthalate 
(Dacron, Mylar) 


Melamine-formaldehyde resin 
(Melmac, Formica) 


12.5 ADDITION AND CONDENSATION POLYMERS 
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Comrmnon Uses 


Plastic bags, bottles 


Indoor-outdoor carpets 


Plastic utensils,insulation 


Shower curtains, tubing 


Yam, paints 


Windows, bowling balls 


Common Uses 


Z`'' _ Carpeting,clothing 
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Clothing, plastic bottles 


Dishes, countertops 


Recycling Code 


cò cò 


HDPE LDPE 


Recycling Code 


v_ 


PET 
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As shown in Table 12.5, addition and condensation polymers have a wide 
variety of uses. Solely the product of human design, these polymers pervade 
modern living. In the United States, for example, synthetic polymers have sur- 
passed steel as the most widely used material. 


ADDITION POLYMERS RESULT FROM THE JOINING TOGETHER 

OF MONOMERS 

Addition polymers form simply by the joining together of monomer units. For 
this to happen, each monomer must contain at least one double bond. As shown 
in Eigure 12.26, polymerizatlon occurs when two of the electrons from cach dou- 
ble bond split away from each other to form new covalent bonds with neighbor- 
ing monomer molecules. uring this process, no atoms are lost, meaning that the 
total mass of the polymer is equal to the sum ofthe masses of all the monomers. 

Nearly 12 million tons of polyethylene are produced annually in the United 
States; thats about 90 pounds per U.S. citizen. The monomer from which it is 
synthesizcd, ethylene, ¡s an unsaturated hydrocarbon produced ¡n large quanti- 
ties from petroleum. 

Two principal forms of polyethylene are produced by using different catalysts 
and reaction conditions. High-density polyethylene (HDPE), shown schemati- 
cally in Figure 12.27a, consists of long strands of straipht-chain molecules 
packed closely together. The tight alignment of neighboring strands makes 
HDPE a relatively rigid, tough plastic useful for such things as bottles and milk 
jugs. Low-density polyethylene (LDPE), shown in Figure 12.27b, is made of 
strands ofFhighly branched chains, an architecture that prevents the strands from 
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FIGURE 12.26 


- The addition polymer polyethylene 1s formed as electrons from the double bonds of 
ethylene monomer molecules split away and become unpaired valence electrons. 
Each unpaired electron then Joins with an unpaired electron ofa neighboring car- 
bon atom to form a new covalent bond that links two monomer units together. 
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FIGURE 12.28 


Propylene monomers poÌymerize 
to form polypropylene. 
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(a) Molecular strands of HDPE 


-. 


(b) Molecular strands of LDPE 


FIGURE 12.27 


(a) The polyethylene strands of HDPE are able to pack closely topether, much like 
strands ofuncooked spaghetti. (b) The polyethylene strands of LDPE are branched, 
which prevents the strands from packing well. 


packing closely together. This makes LDPE more bendable than HDPE and 
gives it a lower melting point. While HDPE holds its shape ¡in boiling water, 
LDPE deforms. Ít is most useful for such items as plastic bags, photographic 
film, and electrical-wire insulation. 

Other addition polymers are created by using different monomers. The only 
requirement is that the monomer must contain a double bond. The monomer 
propylene, for example, yields polypropylene, as shown in Figure 12.28. Poly- 
propylene is a tough plastic material useful for pipes, hard-shelÏ suitcases, and 
appliance parts. Fibers of polypropylene are used for upholstery, indoor— 
outdoor carpets, and even thermal underwear. 

Figure 12.29 shows that using styrene as the monomer yields polystyrene. 
Transparent plastic cups are made of polystyrene, as are thousands of other 
household items. Blowing gas into liquid polystyrene generates Styrofoam, 
widely used for coffee cups, packing material, and insulation. 

Another important addition polymer ¡s polyvinylchloride (PVC), which ¡s 
toueh and easily molded. Floor tiles, shower curtains, and pipes are most often 
made of PVC, shown In Eigure 12.30. The addition polymer polyvinylidene 
chloride (trade name Saran), shown in Eigure 12.31, is used as plastic wrap for 
food. The large chlorine atoms in this polymer help ít stick to surfaces such as 
glass by dipole-induced dipole attractons, as we saw In Section 7. Ì. 
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na nnnnanaaaanannnannnnn FIGURE 12.29 
Styrene monomers : 


__. Styrene monomers polymerize to 
/ form polystyrene. 


¬ 
Polystyrene 


FIGURE 12.30 


- PVC is tough and easily molded, 
which is why it is used to fabri- 
cate many household items. 
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FIGURE 12.31 


The large chlorine atoms in 
- polyvinylidene chloride make 
_ thís addition polymer sticky. 
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The ñuorine atoms in polytetra- 
Ñuoroethylene tend not to expe- 
rience molecular attractions, 
which ¡s why this additlon poly- 
mer is used as a nonstick coating 
and lubricant. 


Pì 


_= Rigid polymers such as PVC can 
be made soft by ïncorporating 
small molecules called plasticiz- 
ers. Pure PVC, for example, is a 
tough material great for making 
pipes. Mixed with a plasticizer, 
the PVC becomes soft and flexible 
and thus useful for making 
shower curtains, toys, and many 
other products now foundin 
mnost households. One ofthe 
more cormnmonly used plasticizers 
are the phthalates, some of 
which have been shown to dis- 
rupt the development of repro- 
ductive organs, especialÌy ïn the 
fetus andin growing children. 
Governments and manufacturers 
are now working to phase out 
these plasticizers. But some 
phthalates, such as DINP,have 
been shown to be safe. For social 
and political simplicity, should all 
phthalates be banned or just the 
ones shown to be harrnful? This 
is a question that has yet to be 
resolved. 

MORE TO EXPLORE: 
Www.dinp-facts.corn 
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The addition polymer polytetraluoroethylene, shown in Figure 12.32, ¡s 
what you know as Teflon. In contrast to the chlorine-containing Saran, Ñuorine- 
containing Teflon has a nonstick surface because the Ñuorine atoms tend not to 
experlence any molecular attractions. In additon, because carbon-fuorine 
bonds are unusually strong, Tefon can be heated to hiph temperatures before 
decomposing. These properties make Teflon an ideal coating for cooking sur- 
faces. It is also relatively inert, which ¡is why many corrosive chemicals are 
shipped or stored in Telon containers. 


What do all monomers of addition polymers have ïn common? 


Was thỉs your answer? A double covalent bond between two carbon atoms. 


CONDENSATION POLYMERS FORM WITH THE LOSS 

OF SMALL MOLECULES 

A condensation polymer is one formed when the joining of monomer units is 
accompanied by the loss oFa small molecule, such as water or hydrochloric acid. 
Any monomer capable ofbecoming part ofa condensation polymer must have a 
functional group on cach end. When two such monomers come together to 
form a condensation polymer, one functional group of the first monomer links 
up with one functional group of the other monomer. The result is a two- 
monomer unit that has two terminal functional groups, one from cach of the 
two original monomers. Each of these terminal functional groups in the two- 
monomer unit is now free to link up with one of the functional øroups ofa third 
monomtcr, and then a fourth, and so on. In this way a polymer chain is built. 
Eigure 12.33 shows this process for the condensation polymer called nylon, cre- 
ated in 1937 by DuPont chemist Ñallace Carothers (1896—1937). This poly- 
mer is composed of two different monomers, as shown ¡in Figure 12.33, which 
classifies ït as a cøøøjzer. Qne monomer Is adipic acid, which contains two 
reactive end groups, both carboxyl groups. The second monomer is hexameth- 
ylenediamine, in which two amine øroups are the reactive end groups. One end 
ofan adipic acid molecule and one end ofa hexamethylamine molecule can be 
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: . : FIGURE 12.33 
made to react with cach other, splitting offa water molecule in the process. After 


two monomers have joined, reactive ends stilÏ remain for further reactions, Adipic acid and hexamethylene- 
which leads to a growing polymer chain. Aside from its use in hosiery, nylon also — điamine polymerize to form the 
ñnds great use in the manufacture of ropes, parachutes, clothing, and carpets. condensation copolymer nyÌon. 


cK 


The structure of 6-aminohexanoic acid is 


HẠN mm... vY 


O 


Is this compound a suitable monomer for forming a condensation polymer? 
lf so, what is the structure of the polymer formed, and what small molecule 
1s split off during the condensation? 


Was thïs your answer? Yes, because the rmmolecule has two reactive ends. You 
know both ends are reactive because they are the ends shown ïn Figure 12.33. 
The only difference here is that both types of reactive ends are on the same 
molecule. Monomers of 6-aminohexanoïc acid combine by splitting off 
water molecules to form the polymer known as nylon-6: 
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Terephthalic Ethylene 
acid H;ạO HạO H;ạO glycol 
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Polyethylene terephthalate (pr) 


-“FIGURE 12.34 


Terephthalic acid and ethylene glycol polymerize to form the condensation copoly- 
mer polyethylene terephthalate. 


Another widely used condensation polymer is polyethylene terephthalate 
(PET), formed from the copolymerization of ethylene glycol and terephthalic 
acid, as shown in Figure 12.34. Plastic soda bottles are made from this polymer. 
Also, PET ñibers are sold as Dacron polyester, used in clothing and stuffing for 
pillows and sleeping bags. Thin fñilms of PET are called Mylar and can be coated 
with metal particles to make magnetic recording tape or those metallic-looking 
balloons you see for sale at most grocery store checkout counters. 

Monomers that contain three reactive functional groups can also form polymer 
chains. These chains become ¡interlocked in a rigid three-dimensional network 
that lends considerable strength and durability to the polymer. Once formed, 


RACING WATER DROPS 


he chemical composition of a 

polymer has a significant effect 

Øn ïts macroscopic properties. Io 
see thỉs for yourself, place a drop of 
water on a new plastic sandwich bag, 
and then tilt the bag vertically so that 
the drop races off. Observe the behav- 
ior of the water carefulÌy. Now race a 
đrop of water off a freshly pulled 
strip of plastic food wrap. How does 
the behavior of the drop on the wrap 
compare with the behavior of the 
drop on the sandwich bag? 


Most brands of sandwich bags are 
made of polyethylene terephthalate, 
and most brands offood wrap are 
made of polyvinylidene chloride. Look 
carefully at the chemical composition 
of these polymers, shown in Table 
12.5.Which contaïns larger atoms? 
Which might be involved in stronger 
đipole-induced dipole interactions 
with water? Need help with these 
questions? Refer back to Sections 6.7 
and 71. 


these condensation polymers cannot be remelted or reshaped, which makes them 
hard-set, or erzzøse#, polymers. Hard plastic dishes (Melmac) and countertops 
(Formica) are made of this material. A similar polymer, Bakelite, made from 
formaldehyde and phenols containing multiple oxyøen atoms, is used to bind pÌy- 
wood and particle board. Bakelite was synthesized in the early 1900s, and it was 
the first widely used polymer. 


® In Perspective 


| he synthetic-polymers industry has grown remarkably over the past 50 
years. Annual production of polymers in the United States alone has 
grown from 3 billion pounds in 1950 to 100 billion pounds in 2000. Today, ít is 
a challenge to ñnd any consumer item that does 72#contain a plastic ofone sort 
or another. Try this yourself. 

In the future, watch for new kinds of polymers having a wide range of 
remarkable properties. One interesting application ¡s shown in Eigure 12.35. 
Ác already have polymers that conduct electricity, others that emit light, others 
that replace body parts, and suill others that are stonger but much lighter than 
steel. Imagine synthetic polymers that mimic photosynthesis by transforming 
solar energy to chemical energy or efficiently separate fresh water from the 
oceans. These are not dreams. They are realities chemists have already demon- 
strated in the laboratory. Polymers hold a clear promise for the future. 

The plastics industry is but one outerowth of our knowledge of organic 
chemistry. As we explore in the next chapter, our understanding of life itself ¡s 
based on our understanding of the properties of carbohydrates, fats, proteins, 
and nucleic acids, all of which are polymers containing the functional groups 
Iintroduced in this chapter. 


FIGURE 12.35 


Flexible and at video displays can now be fabricated from polymers. 
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¡ KEY TERMS 


Organic chemistry The study ofcarbon-containing 
compounds. 


Hydrocarbon A chemical compound containing only 
carbon and hydrogen atoms. 


Structural isomers Molecules that have the same 
molecular formula but different chemical structures. 


Conformation One of the possible spatial orientations 
o£a molecule. 


Saturated hydrocarbon A hydrocarbon containing no 
multiple covalent bonds, with each carbon atom 
bonded to four other atoms. 


Unsaturated hydrocarbon A hydrocarbon containing 
at least one multiple covalent bond. 


Aromaticcompound Any organic molecule 
containing a benzene ring. 


Heteroatom Any atom other than carbon or hydrogen 
in an organic molecule. 


Functional group A specific combination ofatoms 
that behave as a unit in an organic molecule. 


Alcohol An organic molecule that contains a hydroxyl 
group bonded to a saturated carbon. 


Phenol An organic molecule in which a hydroxyl 
group 1s bonded to a benzene ring. 


Ether An organic molecule containing an oxygen atom 
bonded to two carbon atoms. 


Amine An organic molecule containing a nitrogen 
atom bonded to one or more saturated carbon atoms. 


¡ CHAPTER HIGHLIGHTS 


HYDROCARBONS CONTAIN ONLY CARBON 
AND HYDROGEN 


1. What are some examples of hydrocarbons? 
2. What are some uses of hydrocarbons? 
3. How do two structural isomers differ from each other? 


4. How are two structural isomers similar to each other? 


Carbonyl group A carbon atom double-bonded to an 
oxygen atom, found in ketones, aldehydes, amides, 
carboxylic acids, and esters. 


Ketone An organic molecule containing a carbonyl 
group the carbon of which ¡s bonded to two carbon 
atoms. 


Aldehyde An organic molecule containing a carbonyl 
group the carbon of which is bonded either to one 
carbon atom and one hydrogen atom or to two 
hydrogen atoms. 


Amide An organic molecule containing a carbonyl 
group the carbon of which ¡s bonded to a nitrogen atom. 


Carboxylic acid An organic molecule containing a 
carbonyl group the carbon of which ¡s bonded to a 


hydroxy] group. 


Ester An organic molecule containing a carbonyl group 
the carbon of which ¡s bonded to one carbon atom and 
one oxygen atom bonded to another carbon atom. 


Polymer A long organic molecule made of many 
r€peating unIts. 


Monomer The small molecular unit fom which a 
polymer ¡s formed. 


Addition polymer A polymer formed by the Joining 
together of monomer units with no atoms Ìost as the 
polymer forms. 


Condensation polymer A polymer formed by the 
joining together of monomer units accompanied by the 
loss ofa small molecule, such as water. 


5. What physical property of hydrocarbons is used in 
fractional distillation? 


6. hat types ofFhydrocarbons are more abundant in 
hipher-octane gasoline? 


7. To how many atoms is a saturated carbon atom 
bonded? 


UNSATURATED HYDROCARBONS CONTAIN 
MULTIPLE BONDS 


8. What is the difference between a saturated hydrocar- 
bon and an unsaturated hydrocarbon? 


9. How many multiple bonds must a hydrocarbon have 
in order to be classified as unsaturated? 


10. Aromatic compounds contain what kind ofring2 
ORGANIC MOLECULES ARE CLASSIFIED 

BY FUNCTIONAL GROUP 

11. What ¡s a heteroatom? 


12. Why do heteroatoms make such a difference in the 
physical and chemical properties ofan organic molecule? 


13. Which molecule should have the higher boiling 
point and why? 


CH;CH;CH;CH; 


14. Why are low-formula-mass alcohols soluble in 
water? 


15. What distinguishes an alcohol from a phenol? 
16. What distinguishes an alcohol from an ether? 
17. Which heteroatom is characteristic oFan amine? 
18. Do aminses tend to be acidic, neutral, or basic? 
19. Are alkaloids found in nature? 

20. What are some examples ofalkaloids? 


21. Which elements make up the carbonyÌ group? 


LCONCEPT BUILDING 


31.® Nhat property of carbon allows for the forma- 
tion of so many different organic molecules) 


32. 8 Why does the melting point of hydrocarbons 
Increase as the number of carbon atoms per molecule 
1ncreases? 


33. 4L IDraw all the structural isomers for hydrocarbons 
having the molecular formula CH;¿. 
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22. How are ketones and aldehydes related to each 
other? How are they different from each other? 


23. ÑWhat is one commercially useful property of 


aldehydes? 


24. How are amides and carboxylic acids related to each 
other? How are they different from cach other? 


25. From what naturally occurring compound is 
aspirin prepared? 


26. Identify cach molecule as hydrocarbon, alcohol, or 
carboxylic acid: 


lai, 
.. 
| OH 
H 
CH;CH;CH;CH; 
CH;CH;CH;CH;—OH 


ORGANIC MOLECULES CAN LINK 
TO FORM POLYMERS 


27. What happens to the double bond ofa monomer 


pArticipating in the formation ofan addition polymer? 


28. What ¡s released in the formation ofa condensation 
polymer? 


29. Why ¡s plastic food wrap a stickier plastic than 
polyethylene? 


30. What is a copolymer? 


 BEGINNER ÏÏ INTERMEDIATE $ EXPERT 


34. ® Draw all the structural isomers for hydrocarbons 
having the molecular formula C„H;¿. 


35. 8 How many structural isomers are shown here? 


=.. 


tư 
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36. 8. Which two of these four structures are of the 
same structural isomer? 


37. ® According to Figure 12.3, which has a hipher 


boiling point: gasoline or kerosine? 


38. #. According to Figure 12.3, which consists of 
smaller molecules: kerosine or diesel fuel? 


39. The temperatures In a fractionating towcr at an 
oil relnery are Important, but so are the pressures. 
WWhere might the pressure in a Íractionating tower be 
reatest, at the bottom or at the top? Defend your 
anSW€F. 


40. ® There are fñve atoms in the methane molecule, 
CH¿. One out of these five ¡s a carbon atom, which is 
1/5 x 100 = 20% carbon. What is the percent carbon 
in ethane, C;„Hạ? Propane, C;H;? Butane, C.H¡ạ? 


41. ® Do heavier hydrocarbons tend to produce more 
or less carbon dioxide upon combustion compared to 
lighter hydrocarbons? Why? 


42. ® What is the chemical formula for the following 


stucture? 


43. ® NWhat ¡s the chemical formula for the following 


structure? 


44. ® NWhat ¡s the chemical formula of the following 
Structure? 


Sã: sua 


45. ® Nhat ¡s the chemical formula of the following 
Structure? 


Hìó 


46. . Ofthe structures shown In exercises 44 and 45, 
which is more oxidized? 


47. 4 Shown here is the structure of2-methyÌ-pentane. 
Nhat is the structure of 3-methyl-pentane? 


À^ 


2-methyl-pentane 


48. #4 What do 2-methyl-pentane and 4-methyl- 
pentane have in common? 


49. #4 List the following compounds in order of least 
oxidized to most oxidized. 


O Ó 
OH 
Đ= . — / / 
¬ —Ẵ, 
ta) (b) @© (d) 


50. @ Which contains more hydrogen atoms: a five- 
carbon saturated hydrocarbon molecule or a ñve- 
carbon unsaturated hydrocarbon molecule? 


51. ® Circle the longest chain of carbon atoms in the 
following structure. How many carbon atoms are in 


this chain? 


52. ® Number the carbon atoms within the longest 
chain o£ carbon atoms for the structure in exercise 51. 
How many branches extend off of this chain? 


53. A sinele-carbon branch within a hydrocarbon is 
referred to as a //group, while a two-carbon 
branch ¡s referred to as an £/w/group. What then ¡s the 
formal name for the structure shown In exercise 5 l? 


a. 3-methyl-4-ethyl-ó-methyl-octane 
b. 3,6-dimethyl-4-ethyl-octane 

c. 2-ethyl-4-ethyl-5-methyl-heptane 
d. 2,4-diethyl-5-methyl-heptane 


54.8 What ¡s the name of the following structure? 


55. $ Carbon-~carbon single bonds can rotate but 
carbon—-carbon double bonds cannot rotate (see Hands- 
On Chemistry: “Iwisting Jelly Beans”). How many di 
ferent structures are shown here? 


¬ *C 


56. ® Carbon-carbon single bonds can rotate but 
carbon—carbon double bonds cannot rotate (see Hands- 
On Chemistry: “Iwisting Jelly Beans”). How many dif- 
ferent structures are shown here? 


~{ ¬ C 


57. Which of the structures shown in both exer- 
cises 55 and 56 are 3-methyl-2-pentene, where “2” 
Indicates the placement of the double bond? Circle 
them. 


58. 8 Which of the structures shown ¡n both exercises 
55 and 56 are 2-methyl-2-pentene, where “2” indicates 
the placement of the double bond? Draw a box around 
them. 


59. $ How many different isomers of 3-methy|-2- 
pentene are therc? 


60. ® How many different isomers of 2-methy]-2- 
pentene are there? 


61. 8#. Heteroatoms make a difference in the physical 
and chemical properties ofan organic molecule 
because 


a. they add extra mass to the hydrocarbon structure. 
b. each heteroatom has its own characteristic 
chemistry. 

c. they can enhance the polarity of the organic 


molecule. 
d. All of the above. 
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62.® Why do ethers typically have lower boiling 


points than alcohols? 


63. Why might a high-formula-mass alcohol be 


1nsoluble in water? 


64. 8 What ¡is the percent volume of water in 80-proof 


vodka? 


65. 8#. How does ingested methanol lead to the damag- 
ing oÊa personS eyes? 


66. 8. One of the skin-irritating components of poison 
oak is tetrahydrourushiol: 


©H 
©^H 


The long, nonpolar hydrocarbon tail embeds itselfin a 
persons oily skin, where the molecule initiates an aller- 
gïc response. Scratching the itch spreads tetrahydro- 
urushiol molecules over a øreater surface area, causing 
the zone of irritation to grow. Ïs this compound an 
alcohol or a phenol? Defend your answer. 


67. ® Why ¡s 2,4,5-triluorophenol much more acidic 
than phenol? 


OH 


1E 


2,4,5-trifluorophenol 


68. 8. Cetyl alcohol, C¡2H;:OH, ¡sa common ingredi- 
ent of soaps and shampoos. Ït was once commonly 
obtained from whale oil, which is where it gets ts name 
(e//y/is derived from ee/Zcez?). ]raw the chemical 
structure for this compound. 


69. #8. A common inactive ingredient in products such 
as sunscreen lotions and shampoo is triethyÌ amine, also 
known as TEA. What ¡is the chemical structure for this 
compound? 


70. ` A common inactive ingredient in products 
such as sunscreen lotions and shampoo is triethanol 
amine. What is the chemical structure for this 
compound? 
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71. # The phosphoric acid salt of caffeine has the 


Sfructure 


l@) CH: 
HC +J~H 
N 
TY ) HạPO¿ 
O ny N 


CH; 


Caffeine-phosphoric acid salt 


Thịs molecule behaves as an acid in that it can donate a 
hydrogen Ion, created from the hydrogen atom bonded 
to the positively charged nitrogen atom. \WWhat are alÏ 
the products formed when 1 mole of this saÌt reacts with 
1 mole ofsodium hydroxide, NaOH, a strong base? 


72. 8 The solvent diethyl ether can be mixed with 
water but only by shaking the two liquids together. 
After the shaking is stopped, the liquids separate into 
two layers, much like oil and vinegar. The free-base 
form of the alkaloid caffeine ¡s readily soluble in diethy] 
ether but not in water. Sugeest what might happen to 
the caffeine ofa caffeinated beverage If the beverage was 
fñrst made alkaline with sodium hydroxide and then 
shaken with some diethyl ether. 


73. # Alkaloid saÌts are not very soluble in the organic 
solvent diethyl ether. What might happen to the Íree- 
base form of caffeine dissolved in diethyl ether If 
øaseous hydrogen chloride, HC], were bubbled into the 


solution? 


lÔ) r? 
DU S : 
N 
. 
O Ỷ N 
CH:a 
Caffeine 
(free base) 


74. # Draw all the structural isomers for amines hav- 
ing the molecular formula C:H¿N. 


75. M Explain why caprylic acid, CH;(CH;),COOH, 
dissolves in a 5 percent aqueous solution oÊsodium 
hydroxide but caprylaldehyde, CH;(CH,)„CHO, does 
not. 


76. # In water, does the molecule 


H 1v CH¿ạ 


Lysergic acid diethylamide 


act as an acid, a base, neither, or both? 


77. ® If you saw the label phenylephrine - HCl on a 
decongestant, would you worry that consuming It 
would expose you to the strong acid hydrochloric acid? 
Explain. 


HO N CÚI 


Phenylephrine-hydrochloric acid salt 


78.  Suggest an explanation for why aspirin has a 
SOUT taSt€. 


79. 8 An amino acid 1s an organic molecule that con- 
tains both an amine group and a carboxyl group. Ất an 
acidic pH, which structure is most likely: 


H H - 
H H OỌO 
`. hi 
.... 
hủ ÔÒH 


Explain your answer. 


80. $ For the structures shown in exercise 79, which is 
most likely at a neutral pH? Explain your answer. 


81. Identify the following functional groups In this 
organic molecule—=amide, ester, ketone, ether, alcohol, 
aldehyde, amine: 


CH; 


ÓCH; 


82.® What do a left-handed and right-handed glove 


have In common? 


83. 8# The following two compoundi are first shown 
in 2-dimensional format. Molecules, however, are 
3-dimensional entities. The more accurate 3-l draw- 
ings of these molecules are shown next. Note that the 
tetrahedron shapes are included merely to heÌlp visualize 
the 3-D nature ofthese molecules. The bromine sticks 
straipht up, while the chlorines are coming out of the 
plane of the page and the Ñuorines recede back behind 
the plane of che page. Got that? So what do these two 
molecules, the one on the left and the one on the right, 
have in common? 


l íE 
THỊ, —E XS :: —H 
C1 CIl 
Br Br 


.. Sội 


84.® How are a left-handed and a right-handed glove 
different? 


85.8  How are the two compounds shown In exercisc 


83 different? 
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86. ® Can a left-handed and a right-handed glove be 
superimposed——that is, can they overlap cach other 
perfectly while facing the same direction? 


87. $ Amino acids, such as alanine shown here, are the 
monomer building blocks of proteins (Chapter 13). 
Most amino acids have a handedness—that ¡s, for each 
of these amino acids there ¡s a possible mirror image. 
Interestinely, amino acids that occur in proteins are 
always of the left-handed sort. W hy are right-handed 


amino acids never found in proteins? 


© 
Z 
_ 


Alanine 
Right-handed 
(not found in proteins) 


Alanine 
Left-handed 


88. ® Benzaldehyde is a fragranr oil. [Ý stored in an 
uncapped bortle, this compound wiÏll slowly transform 
into benzoïc acid along the surface. Ís this an oxidation 
or a reduction? 


GD D.EỊ O s 20 Di 
open 
————-- 
alr 
Benzaldehyde Benzoic acid 


89. ® What products are formed upon the reaction of 
benzoiïc acid with sodium hydroxide, NaOH? One of 
these products Is a common food preservative. Can you 
name It? 


90. #6 “The disodium salt of cthylenediaminetctraacetic 
acid, also known as ELYTA, has a great affinity for lead 
lons, PbÝ*. Why? Can you think ofany useful applica- 
tions of this chemistry? 


EDTA 


426 CHAPTER 12 ORGANIC COMPOUNDS 


91. ® The amino acid lysine is shown here. hat 
functional group must be removed ¡n order to produce 
cadaverine, as shown in Figure 12.16? 


NH, 


Lysine 


92. $ Would you expect polypropylene to be denser or 
less dense than low-density polyethylene? W'hy? 


93. 8#. Many polymers emit toxic fumes when burning. 
Which polymer in Table 12.5 produces hydrogen 
cyanide, HCN? Wlhich two produce toxic hydrogen 
chloride gas, HC]? 


94. ® One solution to the problem of our overflowing 
landflls ¡s to burn plastic objects instead ofburying 
them. What would be some of the advantages and dis- 
advantages of this practice? 


95.  Which would you expect to be more viscous, a 
polymer made of long molecular strands or one made 
of short molecular stands? hy? 


2z 


lsoprene 
(2-methyl-1,3-butadiene) 


| HANDS-ON CHEMISTRY INSIGHTS 


TWISTING JELLY BEANS 


Nhat you should discover in this activity ¡s that the 
carbon-carbon double bond greatÌy restricts the num- 
ber of possible conformations for an organic molecule. 
While z-butane, for instance, can twist like a snake, 
2-butene is restricted to one oftwo possible conforma- 
tions. (Refer to Figure 12.7 for the structures of these 
two molecules.) In one conformation, the two end car- 
bons are on the same side of the double bond——this 1s 


96. # Hydrocarbons release a lot ofFenergy when 
ignited. Where does this energy come from? 


97. ® WVhat type of polymer would be best to use in 
the manufacture of stain-resistant carpets? 


98. $ As norcd in the Concept Check on page 418, the 
compound 6-aminohexanoic acid is used to make the 
condensation polymer nylon-6. Polymerization is not 
always successful, however, because oŸa competing side 
reaction. hat is this side reaction? Would polymeriza- 
tion be more likely in a dilute solution of this monomer 
or in a concenrtrated solution? hy? 


99. # The copolymer styrene-butadiene rubber 
(SBR), shown here, ¡s used for making tires as welÏ as 
bubble gum. Ïs it an addition polymer or a condensa- 
tion polymer? 


SBR 


100. $ Many ofthe natural-product molecules synthe- 
sized by plants are formed by the joining together of 
isoprene monomers via an addition polymerization. A 
good example ¡s the nutrient beta-carotene, which con- 
sists Of eight isoprene units. Find and circle these units 
within the structure shown here. 


^^ NẴNG ỷẴgGuNG: GẮN 


beta-Carotene 


called the e7 conformation. In the second conforma- 
tion, the two end carbons are on opposite sides of the 
double bond——the øs conformation: 


HạC CH; HạC H 
% _ ⁄ 
C=C€C C=C 
ÿ /⁄ À 
H H H CHạ 

cis-2-Butene trans-2-Butene 


Because the double bond cannot rotate, the e/zand 
/s conformatlons are not interconvertible. They 


therefore represent two different molecules (structural 
isomers), each having its own unique set of properties. 
The melting point of e-2-butene, for example, 1s 
—139°C; that of Zzzs-2-butene is a warmer —106°C). 


RACING WATER DROPS 


You may necd to play around with the drops for a while 
¡n order to see the differing affinitles that the bag and 
wrap have for water. One way to do thịs 1s to tape the 
polymers side by side stretched out on a sturdy piece of 
cardboard. Tilt the cardboard to various angÌes, testing for 
the speed with which water drops roll down the incline 
on the two surfaces. Ultimately, you should find that the 
drops roll more slowly on the wrap (polyvinylidene chlo- 
ride) than on the bag (polyethylene terephthalate). The 
source of this øreater “stickiness” in the wrap ¡s the fairly 
laree chlorine atoms of the polyvinylidene chloride. 
Recall from Section 7.1 that the larger the atom, the 
øreater its potential for forming induced dipole molecular 
InteraCtions. 

The greater stickiness of the wrap is aÌlso apparent 
when you try to ølide one sheet of wrap over another. 
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THE GENETICS 
OF MUSCLE FITNESS 


This is the last Spotlight essay of this 
textbook because the remaining 
chapters are themselves like Spotlight 
essays, only rnuch more elaborate. 
Topics include health and nutrition, 
genetic engineering, drugs, agricul- 
ture, water sources, air pollution, 
modern materials, and sustainable 
energy resources. The relevance reads 
onl Good chemistry to you. 


here are three types of muscles: 

smooth, cardiac, and skeletal. 

Smooth muscles help move food 
and fluids through your body. Cardiac 
muscles pump blood through your 
heart. Skeletal muscles are the kind 
that attach to your bones. They allow 
you to run, dance, lift, turn,and,ïn 
general, move through your environ- 
ment. Physical fitness involves 
resilience in all muscle types. For this 
essay, however, our focus wil] be on 
the more physically apparent skeletal 
muscles, which can account for up to 
4O percent of your total rnass. 

The body wiÏll do what ït needs in 
order to acquire and store energy. 
Muscle tissue itself,however, is ener- 
getically expensive to maintaïn. Even 
at rest, your skeletal muscles con- 
sume about 25 percent of your 
energy. Thus, ït is not ïn your body's 
interest to have rnore muscle mass 
than ït needs. For thïs reason, our 
muscles adapt. lfwe exercise a lot, 
our mnuscles become bigger and 
stronger. Conversely, muscles wither 
away without exercise—a fulÌy 
immobilized muscle loses about one- 
third ofïts mass within weeks. From 
personal experience we know that 
mnuscles are responsive to use. But 
how ïs this accomplished? Why is ït 
that when you exercise your mmuscles 
get stronger and when you dort they 
get weaker? The answer is that exer- 
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cise involves more than your muscles. 
When you exercise, you are aÌso eXeT- 
cising your DNA. 

As will be discussed ïn the follow- 


ng chapter, DNA is the biornolecule 
that holds the information for how to 
buïld proteins. This includes all the 
proteins associated with the building 
of your mnuscles, of which there are 
two kinds. First, there are the proteins 
that actually become part of your 
mnuscles. Second, there are “regula- 
tor” proteins that serve to đirect the 
building of the rmuscles. These regu- 
lator proteins act like managers at a 
construction site in that they deter- 
mỉne when the building should 
speed up or sÏlow down. lf DNA gets 
the signal that more muscle mass ïs 
needed, then it creates more regula- 
tor proteins that are designed to 
speed up mmuscle protein synthesis 
where needed. Likewise, if DNA gets 
the signal that muscle production 
needs to sÌow down, it creates more 
regulator proteins designed to 
inhibit muscle protein synthesis. So, 
you see, DNA ïs the master controller. 
lt actually produces hundreds of dif- 
ferent muscle regulator proteins and 
each one has a specific purpose. 
Regulator proteins also play a role 
in how much energy is made avail- 
able to muscles. An example is the 
GLUT regulator protein, which sits on 
the surface of muscle tissue. lts func- 
tion is to puÏ]Ì glucose, an energy-rich 
sugar molecule, from the blood- 


stream and ïnto the muscle. You 
always have some GLUT proteins to 
enable muscle mnaovement. As you 
exercise, however, you stimulate your 
DNA to create more of these proteins. 
A single decent exercise roufine 
causes a sỉgnificant increase ïn GLUT 
proteins. What this means is that 
your rnuscles can now pull glucose 
more efficiently out of your blood- 
stream, even while you are at rest. lÝ 
you were to eat a potato, your blood 
sugar level would not rise as mmuch as 
it would have otherwise. 

GLUT proteins generally degrade 
after 24 hours. With continued exer- 
cise, your DNA replenishes the GLUT 
proteiïns and eventually an optimal 
number of them are retained. lfyou 
were to stop exercising, theïr positive 
effects would naturally fade away 
within a day or two. Wïth zero exer- 
cises over many years, your DNA 
becomes inefficient at producing 
GLUT proteins. The result is unusally 
high blood sugar levels and a disease 
called type II diabetes. 

Most of the energy used by your 
cells comes from a high-energy mnole- 
cule known as ATP (See Section 13.6). 
ATP is produced using energy that 
comes from the oxidation of food. 
Thỉs occurs in small cellular 
organelles called mitochondria. How 
efficient rmïitochondria are at produc- 
ïng ATP is a function of the number 
of regulator proteins they contaïn. So 
what produces these regulator pro- 


teins? Your DNA. What happens 
when you exercise? You stimulate 
your DNA to rmmake more of these reg- 
ulator proteins within mitochondria, 
hence, more ATP becomes avaïlable to 
your cells,including your rnuscle 
ceTls. It takes aboutt a week for the 
number of these regulator proteins 
to double. After about a month of 
regular exercise you reach a plateau. 
In everyday language you would say 
you are “in shape.”What you really 
mnean, however, is that your DNA is in 
shape because it is now producing an 
optimal number of regulatory pro- 
teins that produce an optimal 
amount of ATP so that you are fit to 
perform physically demanding tasks, 
like running a marathon. So what 
happens when you dort exercise? 
ATP production is minimized and the 
energy of food is directed to the pro- 
duction of energy-storage tissues, 
such as fat.Why does the body pro- 
duce fat? So that the precious energy 
ït contaiïns mnight be available for 
labor-intensive activities at a later 
date, perhaps, when food is not so 
abundart. 

Our bodies are smart, but the rules 
of the game have recently changed. 
For many thousands of years we 
relied on our DNA-mediated perform- 
ance mechanisms to allow us to hunt, 
gather, and grow food, to buïld shel- 
ters, and walk far distances. These are 
all very labor-intensive activities. It 
has only been within the last1oo 
years that such activities have 
become mechanized.We walk much 
less because we have cars.We gather 
our own food mmuch less because we 
have grocery stores. The U.S. Center 
for Disease Control and Prevention 
has noted a growing ïncrease ïn obe- 
sïty that coincides with the rise 1n 
sedentary lifestyles. While obesity can 
be traced to the intake of food as wel] 
as the quality of that food, there is 
another half of the equation that 
often gets neglected, which is exer- 


cise. Our bodies are designed to be 
physically active. Harm comes to us 
when we neglect this calling. 


MUSCLE DOPING 


Our knowledge of DNA is ever so 
recent, but we are already welÌ on our 
way to learning how to control and 
tinker with its mechanisms.The IGF-I 
regulator protein speeds up rnuscle- 
buïlding processes. To build bigger 
and stronger muscle tissue,why don't 
we simply inject IGF-l into our mmus- 
cles? This doesnt work because the 
IGF-I dissipates within hours. What is 
needed is a continual source of IGF-I. 
Towards this end, researchers have 
successfully implanted the DNA that 
codes for IGF-| within the muscles of 
rats, who, without exercise, develop 
up †o 30 percent rmore rnuscle mnass. 
With exercise, the genetically “doped” 
muscles of these superrats become 
nearly twice as strong. 

The insertion of DNA into a person 
†o allow for the creation of certaiïn 
proteins is known as gene therapy. 
The idea of gene therapy was 
dreamed up soon after the discovery 
of the structure of DNA in the 195Os. 
Although the idea is straightforward, 
ïtis only within the past decade, after 
years of intensive basic research, that 
success ïs starting to be realized. 
Muscle-enhancement gene therapy 
1s poised to become one of the first 
gene therapies to be made available 
†o the general population. Such ther- 
apy holds great promise for the treat- 
mnent of muscular dystrophy as wel] 
as for the treatment of muscle weak- 
ness that cormnes with age. But ït also 
raises a number ofinteresting ques- 
tions. How safe ïs the procedure? 
Might such therapy lead to cancer? 
Are inherent risks worth the bene- 
fits? Will we be more or less likely to 
exercise after having our rnuscles 
doped with muscle-strengthening 
DNA? Should athletes be allowed to 
genetically dope theïr rmuscles for 


better performance? How about mili- 
tary personnel? The ethical issues 
surrounding genetic enhancernent 
are many and complex. 


What do seven days without exer- 
cise make? 


Was thỉs your answer? Sever 
days without exercise makes one 
weak. 


IN THẺ SPOTLIGHT 
DISCUSSION QUESTIONS 


1. Should athletes be allowed to genet- 
ically dope their muscles for better 
performance? lf so, should there be 
†wo sets of Olympics? One for the 
doped and another for the non- 
doped? Many Olympians may 
already benefit from natural muta- 
tions that enhance their perform- 
ance. Why not level the playing field 
by making such enhancements 
available to all atheletes? 


M 


. Gene therapy is not passed along to 
offspring because ït does not affect 
our reproductive gametes. For an 
ïndividual, however, a singÌle dose 
may last a lifetime. So, what restric- 
tions should be placed on muscle- 
enchancment gene doping? Should 
ït be allowed only for the treatment 
of medical conditions? Should it be 
made available only to people over 
the age of 21? 


. Might gene therapy ever become as 
routine as vaccinations? By when? 
What might be some social or polifi- 
cal hurdles to an acceptance of such 
therapies? 


Q2 


4. How mnuch would you be willing 
†o pay for effective muscle- 
enhancement gene therapy? 


. Muscle-enhancement gene therapy 
also ïnterferes with fat deposition. 
How might the food industry 
Tespond to a population of con- 
sumers who could eat all they want 
and remain trim without much 
exercise? 
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Biomolecules Are Produced 
and Utilized in Cel]s 


Carbohydrates Give Structure 


and Energy 


Lipids Are Insoluble in Water 


Proteins Are Polymers 
of Amino Acids 


Nucleic Acids Code 
{for Proteins 


Vitamins Are Organic, 
Minerals Are Inorganic 


Metabolism Is the Cyclỉing 
of Biomolecules Through 
the Body 


The Food Pyramid 
Summarizes a Healthful 
Diet 


THE NUTRIENTS THAT 
MAKE UP OUR BODIES 


ø 

We absorb molecules from the food we eat and either use 
them for their energy content or else incorporate them into 
the various structures that give our bodies both form and 
function. No molecule in a living organism is a permanent 
resident, however. Rather, there is perpetual change as mole- 
cules ingested in the latest batch of food are transformed to 
replace older rmmolecules in the organism. Within 7 years, for 
example, most of the molecules in a human body have been 
replaced by new ones—the body you have today is not the 
one you had 7 years agol 

What then is an individual? lf not the molecules them- 
selves, then how about the patterns in which they are assem- 
bled? A glance at a set of identical twins tells you the answer 
to this second question is no. The rnolecular patterns ïn any 
Organism are determined by the organisms genetic code, 
and identical twins have identical genetic codes. Each rmwem- 
ber ïn a set of identical twins has ïts own unique personality, 
however, despite the fact that the two persons have identical 
molecular patterns. 

Interestingly, the genetic code you have today is the sarme 
as the one you had in your yesteryears, but you are nọw 
made of a different set of mnolecules—not unlike two identi- 
cal twins. Aside from rnemories, perhaps you are as different 
from your past self as two identical twins are from each 
other. Perhaps an individual's identity is continually reestab- 
lished each and every momert. 

Although this chapter cannot promise any insights into the 
intriguing questions of existenice, ït wilÌ give you a basic under- 
standing of biomolecules—the molecules that make up living 


Organisms—and the remarkable roles they play ïn your body. 
C`) 
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®* 13.1 Biomolecules Are Produced and Utilized in CeTls 


he fundamenral unit of almost all organisms ¡s the ee/, Cells are typically 
so small that you need a microscope to see them ¡individually. About ten 
averagc-sized human cells, for example, could ft within the period at the end of 
this sentence. Figure 13.1 shows a typical animal celÏ and a typical plant cell. 

Every cell has a Ø2 7zbzaze. More than just a boundary, the plasma 
membrane allows molecules to pass into and out of the cell and provides sites 
where important chemical reactions occur. Ín animal cells, the plasma mem- 
brane is the outermost part of the cell, but the plasma membranes of plant 
cells are bounded by a rigid cej zøz/! that protects the cells and gives them 
StUCtUF€. 


nh 


RE 13.1 


b, 


Macroscopic, microscopic, and 
submicroscopic views ofan ani- 
mai and a plant. 


Plasma Plasma 
membrane Organelles membrane 


Organelles 


Animal cell Plant cell Cell wall 
Cells 
Carbohydrate Lipid Protein Nucleic acid 


Biomolecules 
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Housed within cach celÏ ¡s the c¿ƒ ze/zzs, which contains the genetic codc. 
Everything between the plasma membrane and the cell nucleus is the cy/ø0/zsz, 
which consists of a varlety of microstructures suspended ¡n a viscous liquid. 
These microstructures, called ørøzz¿/2s, work together in the synthesis, storage, 
and export ofimportant biomolecules. 

The great maJority of the biomolecules used by cells are either carbohydrates, 
lipids, proteins, or nucleic acids. In addition, most cells need smalÏ amounts of 
vitamins and minerals in order to function properly. Ñe now discuss all these 
categories of biomolecules. 


® 13.2 _Carbohydrates Give Structure and Energy 


| arbohydrates are molecules of carbon, hydrogen, and oxygen produced by 

plants through photosynthesis. The term czzø#y⁄zzc 1s derived from the 
fact that plants make these molecules from carbon (from atmospheric carbon 
dioxide) and water. The term saccharide ¡is a synonym for ce2z0øj⁄/zze, and a 
0osaccbar7e (“one saccharide”) 1s the fundamenrtal carbohydrate unit. In 
most monosaccharides, each carbon atom ¡s bonded to at least one oxygen 
atom, most often in the form o£a hydroxyl group. There are many kinds of 
monosaccharides. The structures of the two most common ones, øÌucose and 
fructose, are shown in Eigure 13.2. 

Monosaccharides are the building blocks of Z2s2ecbaz7z2des, which are carbo- 
hydrate molecules containing two monosaccharide units. Figure 13.3 shows 
table sugar——sucrose—the most well-known disaccharide. In the digestive 
tract, sucrose ¡s readily cleaved into its monosaccharide units, glucose and 
fructose. 


HOCH; o_ H 


H H 

OH H H HO 

HO OH HO CH;OH 
H OH ©jïÑ 1H 


Glucose Fructose 


-_FIGURE 13.2 


lệ E cu) 


Honey is a mixture of the monosaccharides glucose and fructose. Glucose is a six- 
membered ring, and fructose 1s a fñive-membered ring. For simplicity, the stick struc- 
tures introduced in Chapter 12 are shown below each molecular model. 
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FIGURE 13.3 


Disaccharides, such as sucrose, 
consist oŸtwo chemically bonded 
monosaccharide units, which are 
cleaved during digestion. 


_= How many pounds of sugar does 
.__ the average American consume 
each year? According to the Sugar 
Association, consumption of 
sugar is typically measured ïn 
terms of the amount of sugar 
commerically available, rather 
than the amount of sugar actually 
ingested—significant amounts of 
these sweeteners are điscarded. 
Futhermore, they note that these 
estimates ïnclude all caloric 
sweeteners, which ïnclude corn 
syrups, honey products, as wel] as 
Sucrose coming from cane or 
sugar beets. According to the U.S. 
Department of Agriculture, the 
national consumption of sucrose 
has actually been declining since 
2001. So how nuch sugar does the 
average American consume each 
year? Thats atough question with 
no sỉimple answer. A more ïrmnpor- 
tant question to ask is how much 
do you consume? 
MOREE TO EXPLORE: 

'_ WWW.SUgar.org 

WwWW.€rs.usda.gov/Briefing/ 

Sugar/Data/data.htm 
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Sucrose 
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CH;OH 
H 
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HO OH HO CH;OH 
H ©ØH cJủajớ Thị 
Glucose Fructose 


Another important disaccharide ¡s lactose, shown in Figure 13.4. Lactose is 
the main carbohydrate in miÌk. In the digestive tract, ¡t is cleaved into the 
monosaccharides galactose and glucose by the enzyme lactase, which most 
children produce in abundance up to about the age of six. Ïhereafter, the pro- 
duction ofthis enzyme decreases, with the result that some adults produce lit- 
tle or none. This leads to /2c/øse 7z/øferzzce, a condition in which ingestion of 
milk or milk products causes bloating, fatulence, and painful cramps. These 
symptoms result as certain intestinal bacteria vigorously digest the lactose. In 
doïng so, they generate large amounts of øases, such as hydrogen, H. To 
relieve these symptoms, some milk products are treated with 1/2227: 
/ƒu⁄Ís, a strain of bacteria that destroy øas-causing bacteria in our digestive 
tract. Aside from abstaining from milk products, an aÌternative solution is to 
add a commercially available lactase enzyme to milk or milk products before 
consuming them. 

Monosaccharides and disaccharides are classiied as s/2/2 carbojylrafes, 
where the word s7ø/£ is used because these food molecules consist ofonÏy one 
or two monosaccharide units. Most simple carbohydrates have some degree of 
swcetness and are also known as sugars. 


POLYSACCHARIDES ARE COMPLEX CARBOHYDRATES 

Recall from Chapter 12 that polymers are large molecules made of repeating 
monomer units. Monosaccharides are the monomers that link to form the bio- 
molecular polymers called øøszccbzz72s, which contain hundreds to thousands 
of monosaccharide units. Polysaccharides can be built from any type of mono- 
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Lactose 

CH,OH CH;OH 

HO PT 1H © OH 
H H H 
©ØẲH ØH H 

H H HO H 

H OH H Cq 
Galactose Glucose 


saccharide units. Qur bone joints are lubricated by the polysaccharide hya- 
luronic acid, for example, which consists of alternating glucuronic acid and 
-acetylglucosamine, as shown ¡in Figure 13.5a on page 436. 

The exoskeletons (protective shells) of insects and some marine organisms, 
such as crabs and shrimp, are made of chiún, a hard, resilient polysaccharide 
made of the monosaccharide /acetylglucosamine, as shown in Figure 13.5b. 
WWood varnish once contained chitin from the exoskeletons of insects. Ïn pow- 
dered form, chitin is now fnding use as a dietary Rñber supplement. 

Although a polysaccharide can be made of any type of monosaccharide 
units, the polysaccharides of the human diet are made only of glucose. These 
polysaccharides include z/2ze/, øÙ/cøg£ø, and celluiose, which differ from one 
another only in how the gÌucose units are chained together. All polysaccha- 
rides, but especially the ones in our diet, are known as cø22/ex carðoly- 
ra:cs, where cø7zplex refers to the multitude of monosaccharide units linked 
together. 


What makes a simple carbohydrate simple and a complex carbohydrate 
cormplex? 


Was this your answer? Simple carbohydrates are simple ïn the sense that 
they consist of onÌy one or two monosaccharide units per rnolecule. Com- 
plex carbohydrates are complex in the sense of consisting of high numbers 
of monosaccharide units per molecule. 


FIGURE 13.4 


Milk and milk products contain 
the disaccharide lactose, which ¡s 
digested to galactose and glucose. 


Carbohydrates 
Simple Complex 
Mlonosaccharides Polysaccharides 
Glucose Hyaluronic 
Fructose acid 
Chitin 
Disaccharides Starch 
Sucrose G]ycogen 
Lactose Cellulose 
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FIGURE 13.5 


(a) Hyaluronic acid, a lubricant 
in bone joints, is a polysaccharide 
consisting of the monosaccha- 
rides glucuronic acid and “ 
acetylglucosamine. (b) The 
exoskeletons of insects, crabs, 
shrimp, and lobsters are made of 
chitin, a polysaccharide contain- 
ing only M-acetylglucosamine 
unIts. 


O 
Sà | 


N-Acetylglucosamine 


S⁄27cj Is a polysaccharide produced by plants to store the abundance of gÌu- 
cose formed during photosynthesis, which is the process whereby plants absorb 
solar energy and convcert it to the chemical energy of sugar molecules. (We shall 
return to a discussion of photosynthesis in Chapter 15.) On cloudy days or at 
night, the breakdown of starch polymers to gÌucose gives the plant a constant 
energy supply. Animals can also obtain ølucose from plant starch, which makes 
plant starch an all-important food source. Most plants store the starch they pro- 
duce either in their seeds or in their roots. 

A starch molecule may contain up to 6000 glucose units, although this number 
1s highly variable and can be as low as 200. Plants produce two forms of starch, 
21yÏos and azylopecfzn, as I|lustrated in Figure 13.6. In amylose, the gÌucose units 


Starch granules 
in potato cell 


FIGURE 13.6 


Amylose and amylopectin are 
two forms of plant starch. 


ctPry, 
xT 
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°^⁄.... Amylopectin 
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SPIT IN BLUE 


hen iodine is mixed with starch, 

the amylose strands coïl around 

the iodine molecules,forming a 
starch-iodine complex that has a 
characteristic dark blue color. The 
more starch present in a solution, the 
deeper the blue. The formation of this 
color ïs used to identify the presence 
of starch. In this activity, you wïil]use 
an iodine solution to test for the pres- 
ence of amylose and the amylose- 
digesting action of your saliva. 


WHAT YOU NEED 


Potato, saucepan, water, two drinking 
glasses, iodine solution (from drug- 
store) 


SAFETY NOTE 


While rnoderate topical application 
of disinfecting iodine solution is 


regarded as safe, ingestion is not. So 
keep your iodine solution away from 
children, and be sure not to ingest 
any yourself. 


PROCEDURE 


1. Prepare a solution of starch by boil- 
ïng several potato sÌlices in about 
†wo cups of water. Add a teaspoon 
of the solution to each gÌlass and 
đilute with a tablespoon of water. 


2.. Collect a good wad of saliva in 
your mmouth, and then gracefully 
spit into one of the glasses. Swir] 
†o mix. 


3. Wait for afew minutes, and then 
add a drop ofiodine solution to 
each gÌlass. Swir] to mix while look- 
ïng for a difference in color 
between the two samples. lf no dif- 
ference is noted, repeat the experi- 


ment several times, changïng one 
parameter each time, such as the 
number of potato slices boiled. 


You should look for a noticeable 
đifference between the intensity of 
blue ïn the glass containing your 
saliva and the other g]ass. The inten- 
sity being đirectly proportional to the 
amournt of starch present, which 
g]ass should contain the darker solu- 
tion? Why? 
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_FIGURE 13.7 


The complex carbohydrate gÌyco- 
gen, a polymer made of glucose 
monomer units, is found in ani- 
mal tissue. 


are linked together ¡n chains that coil. In amylopectin, the glucose units are also 
linked together in coiling chains, butin addition there is perlodic branching ¡n the 
chains. The starch of most starchy foods, such as bread and potatoes, 1s about 
20 percent amylose and 80 percent amylopectin. As these foods are digested, gÏu- 
cose units are broken off the ends of the chains. In Figure 13.6, you can see that, 
because of its branching, amylopectin has more ends than amylose does. There- 
fore, amylopectin releases ølucose units at a faster rate than amylose does. 

Ifyou hold a piece of bread in your mouth for a few minutes, it bepins to taste 
sweet, which is a signal that digestion has begun and glucose ¡s being released. 


When amylose and amylopectin are digested, which one ïs a more ïimmedi- 
ate supply of glucose? 


Was thỉs your answer? There is more branching in amylopectin and there- 
fore a greater number of ends per molecule. The digestion of amylopectin 
produces more gÌucose molecules per unit of time and therefore is a quicker 
and more immediate supply of glucose. 


Animals store some of their excess ølucose by converting ¡r to gÏycogen, a poly- 
mer made ofhundreds of glucose monomers and sometimes referred to as 477⁄/ 
s⁄zrcb. CÌycogen has a structure much like that ofamylopectin, but there is more 
branching ¡in glycogen, as shown in Figure 
13.7. Between meals, when glucose levels 
drop, the body metabolizes elycogen to glu- 
cose. GÌycogen therefore serves as our ølucose 
reserve. Ï he areas of the body most abundant 
in gÌycogen are the liver and muscle tissue. 

C£lz/ose, a structural component of plant 
cell walls, ¡s also a polysaccharide of glucose. 
The glucose in cellulose, however, ¡s sliphtÌy 
different from the glucose in starch and 
glycogen. In the ølucose of starch and gÌyco- 


Glycogen granules 
in muscle tissue 
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œ-Glucose œ linkage 
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CH;OH 
CH;OH H O, 
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(b)  Cellulose 


gen, called œ-glucose, the hydroxyl group highlighted in Figure 13.8 faces in one 
direction. In the glucose of cellulose, called -glucose, this hydroxyl group faces 
in the opposite direction. Figure 13.8 illustrates how the linking between 
Œ-plucose units results in a coiling of the polysaccharide strands, but the linking 
between -glucose units results in straipht chains, with no coiling possible. In 
addition to no coiling, there is also no branching in the chains. These two attrib- 
utes of cellulose molecules allow the polysaccharide strands to align much like 
strands of uncooked spaghetti. This alignment 
maximizes the number of hydrogen bonds 
between strands, which makes cellulose a touph 
material. Added strength is given as the plant lays 
down microscopic fñbers of cellulose In a criss- 
cross fashion, as shown in Figure 13.9. 


Hydrogen 


Cellulose fibers in bonds 


a plant cell wall 
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FIGURE 13.8 


The glucose units of starch and 
cellulose are bonded in differ- 
ent orientations. (a) In starch, 
œ-glucose units result in polysac- 
charide strands that tend to coiÌ. 
(b) In cellulose, B-glucose units 
result in polysaccharide strands 
that do not coil and as a result 
can align with one another. 


FIGURE 13.9 


Strands of cellulose in a plant, 


including the plant leaves held by 


- Maitreya, are joined by hydrogen 


bủ `. 
¿ 


bonds. These microscopic ñbers 
are laid down In a CFISS-CFOSS Dat- 
tern to give streneth in many 
directions. 


Cellulose 
molecules 
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_FIG6URE 13.10 

Termites digest glucose produced 
by cellulose-digesting microor- 
ganisms living In the termites 
digestive tract. 


A typical fat molecule, also 
known as a triglyceride, ¡s the 
combination ofone glycerol unit 
and three fatty acid molecules. 
Note that this reaction involves 
the formation of three ester func- 
tional groups. 
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Cellulose serves as the primary structural component oŸall pÏants. Cotton is 
nearly pure cellulose. Wood, made largely of cellulose, can support trees that are 
as much as 30 meters tall. Cellulose is by far the most abundanrt organic com- 
pound on Earth. 

Most animals, including humans, are not able to break cellulose down to øÌu- 
cose. Instead, the cellulose in the food we cat serves as dietary ñber that helps in 
regulating bowel movements. In the large intestine, cellulose-based ñber absorbs 
water and has a laxative effect. Waste products are therefore moyed along faster, 
and with them harmful bacteria and carcinogens. Microorganisms that live in 
the digestive tracts oŸ wood-eating termites and grass-eating ruminants (cows, 
sheep, and goats) can break cellulose down to glucose. StrictÌy speaking, termites 
and ruminants do not digest cellulose. Rather, they digest the glucose produced 
by the cellulose-digesting microorganisms that live inside them, as shown in 
Eigure 13.10. 


® 13.3 Lipids Are Insoluble in Water 


ipids are a broad class of biomolecules. Although structurally diverse, all 
lipids are insoluble in water because each lipid molecule contains a large 
number of nonpolar hydrocarbon units. In this section we discuss two impor- 
tant types of lipids: /2⁄s and s/erø/4È. 


FATS ARE USED FOR ENERGY AND INSULATION 


A đạt ¡s any biomolecule formed from the reaction between a plycerol molecule, 
C,HO;, and three fatty acid molecules, as shown in Eigure 13.11. A #y zc/z1s a 
long-chain hydrocarbon terminating In a carboxylic acid group. The chain is typ- 
ically between 12 and 18 carbon atoms long and may be either saturated or unsat- 
urated. Recall from Chapter 12 that a s2/7⁄⁄e/chain contains no carbon-carbon 
double bonds; an zsz/zz⁄⁄chain contains one, two, or three carbon—carbon 
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double bonds. Note that, like carbohydrates, fats contain only carbon, hydrogen, 
and oxygen. Fats and carbohydrates have similar compositions because both 
plants and animals syntheslze fats from carbohydrates. There is a sipnificant dif- 
ference in the structures of thesc two types of biomolecules, however, as you can 
readily see by comparing Figures 13.8 and 13.11. Because fats are made from 
three fatty acids and gÌycerol, they are commonly referred to as /?/ejJcer/z/s. 

Fats are stored in the body in localized regions known as far deposits. These 
deposits serve as Important reservoirs of energy. Fat deposits directly under the 
skin heÌpb to insulate us from the cold——good news for the walrus shown ¡n 
Figure 13.12. In additon, vital oreans, such as the heart and kidneys, are cush- 
Ioned against injury by fat deposits. 

The dipestion of fat is accompanied by the release of considerably more energy 
than ¡s produced by the digestion ofan equivalent amount of either carbohydrate 
or protein. There are about 38 kilojoules (9 Calories) oŸ energy in ] gram of fat 
but only about 17 kilojoules (4 Calories) of energy in l gram of carbohydrate or 
protein. (Recall that the energy content of food ïs often reported in Calories, with 
an uppercase C, where 1 Calorie = 1 kilocalorie = 1000 calories.) 


Give two reasons animals living in cold climates tend to form a thick layer of 
fat just prior to the onset of winter. 


Was thỉs your answer? Fat provides a source of energy during the winter, 
when food is generally scarce, and ït provides insulation from cold winter 
temperatures. 


As shown ¡in Eigure 13.13a, saturated fat molecules are able to pack tightÌy 
together because their saturated fatty acid chains point straight out and align 
with one another. Induced dipole-induced dipole attractons hold che aligned 
chains together. This gives saturated fats, such as those found within beef, rela- 
tively hich melting points, and as a result they tend to be solid at room temper- 
ature. Unsaturated fats—those made from unsaturated fatty acids—have fatty 
acid chains that are “kinked” wherever double bonds occur, as shown in Eigure 
13.13b. The kinks inhibit alignment, and as a result unsaturated fats tend to 
have relatively low melting points. These fats are liquid at room temperature 
and are commonly referred to as ø7Z. Most vegetable oils are liquid at room 
temperature because of the hich proportion of unsaturated fats they contain. 

The fat from an animal or pÏant 1s a mixture of different fat molecules having 
various degrees of unsaturation. Fat molecules containing only one carbon— 
carbon double bond per fatty acid chain are 7ø7ø2søzzz/eái.'Those containing 
more than one double bond per fatty acid chain are øøj/s2/zz/eđ. Table 13. 
on page 442 shows the percentage of saturated, monounsaturated, and polyun- 
saturated fats in a number of widely used dietary fats. 


STEROIDS CONTAIN FOUR CARBON RINGS 


Š7£rø7z8 are a class of]ipids that have in common a system of four linked carbon 
rings. Cholesterol, shown In Eigure 13.14, ¡s the most abundant steroid by far, 
and it serves as the startine material for the biosynthesis of most all other 
steroids, including the sex hormones estradiol and testosterone, also shown in 
Fipure 13.14. #22zz2øes are chemicals produced by one part of the body to 
inHuence other parts of the body. For example, estradiol, produced by the 
Ovaries, and testosterone, produced by the testes, are responsible for the devel- 
opment of secondary sex characteristics In other parts of the body. Cholesterol 1s 
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The walrus and other polar 
Species are insulated from the 
cold by a thick layer of fat 


beneath their skin. 
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(a) Saturated fat 
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FIGURE 13.13 


(a) Saturated fats are typically solid at room temperature because of molecular 


_ attractions between fatty acid chains. (b) Unsaturated fats are typically liquid at 
_ room temperature because molecular attractions are inhibited by the kinked nature 


of the fatty acid chains. 


TABLE 13.1 DEGREE OF UNSATURATION IN SOME COMMON FATS 


Percentage of Total Fatty Acid Content 


Fat Saturated Monounsaturated Polyunsaturated 
Coconut 93 6 1 
Palm 57 36 7 
Lard 44 46 1O 
Cottonseed 26 22 52 
Peanut 21 49 30 
Olive 15 73 12 
Corn 14 29 57 
Soybean 14 24 62 
Sunflower T1 19 7O 
Safflower 1O 14 76 


Canola 6 58 36 


13.3 LIPIDS ARE INSOLUBLE IN WATER 


HạC 
Hạ 
ĐC 
| HO 
Cholesterol 
ị ©H 
| HạC 
| O 
Testosterone 
| OH 
— 
| 
.HO 
| Estradiol 
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- The sex hormones estradiol and testosterone are steroids that the body produces 
- trom the most abundant steroid ofall——cholesterol. 


found throughout the body. In fact, the human brain is about 10 percent cho- 
lesterol by weight. Qur bodies synthesize cholesterol in the liver. In addition, we 
obtain cholesterol through a diet ofanimal products. 

Many synthetic steroids having a wide variety of biological efects have been 
prepared. Prednisone, for instance, ¡s often prescribed as an anti-inlammatory 
in the treatment ofarthritis. Also available are synthetic steroids that mimic the 
muscle-building properties of testosterone. These are the Z72/øc s/rø/2E, 
which physicians prescribe to assist patients suffering from hormone imbalances 
and those recovering from severe starvation. Athletes have found that these 
steroids improve performance, but they have many negative side effects, includ- 
Ing Impotence, changes in sexual desires and characteristics, and Ìiver toxicity. 
Most sports organizatlons have banned the use of anabolic steroids because of 
their deleterious effects. Any athlete should carefully consider whether the 
short-term gains provided by these agents are worth the long-term losses. For 
further information, start by exploring the steroid website of the National Insti- 
tute on Drug Abuse at www.steroidabuse.org. 
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Amine group Carboxylic | 
3 Su, 
E1 HH l@) 


The general structure ofan 
amino acid, with R representing 
the side group that makes cach 
amino acid different from all 
others. 


Amino acid: a small biormmolecule 
Polypeptide: a polymer of amino 
acids 

Protein: a polypeptide having 
biological function 


cK 
How are fats and steroids similar to each other? 


Was thỉs your answer? They are both lipids and, hence, insoluble in water. 


® 13.4 Proteins Are Polymers of Amino Acids 


P== are large polymeric biomolecules made of monomer units called 
amino acids. An amino acid consists ofan amine group and a carboxylic 
acid group bonded to a central carbon atom, as shown in Figure 13.15. A side 
group ¡1s also attached to this central carbon. AlÏ proteins are made from 20 
amino-acid building blocks, and these 20 amino acids differ from one another 
by the chemical identity of their side groups, as shown ¡in Figure 13.16. 

Amino acids are linked together by øøz7⁄/£ bøwzš, which are formed in a con- 
densation reaction in which the carboxylic acid end ofone amino acid ¡s joined 
to the amine end ofa second amino acid, as illustrated in Eigure 13.17. (Recall 
from Section 12.4 that a condensation reaction is marked by the loss ofa small 
molecule, such as water.) Â øroup ofamino acids linked together in this fashion 
1s called a øzøz7. The number ofamino acids in a peptide is indicated by a pre- 
ñx. A dipeptide ¡is made from two amino acids, a tripeptide from threc, a 
tetrapeptide from four, and so on. Peptides of ten or more amino acids are øen- 
erally called øøj;pepzz/es. Proteins are naturally occurring polypeptides that have 
some biological function, and they consist of laree numbers of amino acids, up 
to several hundred. For example, the molecular formula of one of the proteins 
found in milk is C¡ge4H;øizOs;¿N¿øsŠ2¡, whích gives you an idea ofthe size and 
complexity of some protein molecules. 

Plant and animal tissues contain proteins both ¡n solution and in solid form. 
Dissolved proteins reside in the liquid found inside cells and ¡in other liquids in 
the body, such as blood. Solid proteins form skin, muscles, hair, nails, and 
horns. The human body contains many thousands of different proteins, such as 
those in Figure 13.18. 


PROTEIN STRUCTURE IS DETERMINED BY ATTRACTIONS 

BETWEEN NEIGHBORING AMINO ACIDS 

The structure of proteins determines their function and can be described on 
four levels, ¡illustrated on page 447. The Øøz7⁄zy s/rwcfze is the sequence of 
amino acids in the polypeptide cha¡n. The secøz2ry s/zwcrw„ze describes how 
various short portIions of a chain are either wrapped ¡into a coil called an 2/2 
ÿ¿izx or folded into a thin p/¿Z/¿⁄Í sb£e¿. The rerf/ary sírucfs7c 1s the way In which 
an entire polypeptide chain may either twist into a long fiber or bend into a 
globular clump. The ezzzy sirwcfxzc describes how separate proteins may 
Join to form one larger complex. Each level of structure is determined by the 
level before it, which means that ultimately ít ¡s the sequence ofamino acids 
that creates the overall protein shape. This Rñnal shape ¡s maintained both by 
chemical bonds and by weaker molecular attractions berween amino acid sidc 
8TOups. 

In long polypeptides, the number of possible variations in primary structure 
1s astronomical. For example, the number of 20-unit polypeptides possible 
from a single set of 20 different amino acids ¡is a whopping 2.43 x 10'°! The 
number of possible polypeptides when more than 100 units are being com- 
bined ïs seemingly infnite. Thịs diversity 1s exactly what is needed for building 
a living organism. 
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These 20 amino acids are the building blocks of proteins. The side groups are high- 
- Iighted in green, and the names printed in red Indicate essentlal amino acids, dis- 


cussed in Section 13.8. 
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FIGURE 13.17 


(a) Formation ofa peptide bond from the condensation oŸtwo amino acids. The 
resulting dipeptide contains an amide group. (b) A polypeptide is many amino acids 
linked together by peptide bonds. 


Hemoglobin, a transport protein, Structural proteins are found 
is the component of blood that ¬ in skin, hair, and bones. 

takes the oxygen we breathe to , 
our cells. 

Contractile proteins in 
muscles allow us to move. 


Some proteins are hormones 
that regulate body metabolism 
and growth. 


ĐỂ --⁄.ANdinh White blood cells produce antibodies, Enzymes are proteins that 
The variety of proteins in Storage proteins serve as a which are proteins that fight infections. act as catalysts for reactions 
Source of amino acids in milk. in the body, including the 


the human body. digestion of food. 
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Although functioning proteins have very specilic amino acid sequences, slight 
variations can often be tolerated. In some cases, however, a slight variation can 
be disastrous. For example, some people have a version of hemoglobin——a pro- 
tein found in red blood cellsthat has one Incorrect amino acid in abourt 300. 
That “minor” error ¡s responsible for sickle-cell anemia, an inherited condition 
with painful and often lethal effects. The sickle shape characteristic of this dis- 
ease is sShown in Figure 13.19. 

Attractons between neighboring amino acids in a polypeptide chain are what 
cause the local contortions that constitute the secondary structure of the 
polypeptide. This secondary structure takes its alpha-helix form when simpler 


FIGURE 13.19 


amino acids, such as gÌycine and alanine, are grouped together along the. On the leftis a red blood cell 
polypeptide chain. As shown in Eigure 13.20, the shape of the alpha helix is containing the normal hemoglo- 
maintained by hydrogen bonds between successive turns of the spiral. Proteins bin protein. ©n the right, a sick- 
containing many alpha helices, like wool, can be stretched because of the spring- led red blood cell containing 


hemoglobin that has one out-of- 


like properties of the alpha helix. The pleated-sheet version of secondary struc- bliei c#dio Ki TT re 


ture forms when predominantly nonpolar amino acids, such as phenylalanine (MBBE vi th 

d vali "  ... BEU QNIS 8E (MT shape is reminiscent of the 
and valine, are grouped together. Proteins containing many pleated sheets, like (urved-blade harvestng tool 
silk, are strong and flexible but not easily stretched. Secondary structure canvary  known as asickle. 
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FIGURE 13.20 


Four levels of protein structure. 
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from one portion ofa polypeptide chain to another. (For example, one part ofa 
given chain may have a helical secondary structure while another part of the 
same chain has a pleated-sheet secondary structurce.) 

Tertiary structure refers to the way an entire chain ¡s shaped. As with second- 
Ary Structure, tertiary structure ¡s also maintained by varlous chemical attrac- 
tons between amino acid side groups. For some proteins, such as the 
hypothetical one shown ¡in Figure 13.21, these attractions include disulfide 
bonds between opposing cysteine amino acids. Also importanr are the Ionic 
bonds (also known as s2 Øz⁄e) that occur between oppositely charged Ions. 
Hydrogen bonding between side groups can also contribute to tertiary structure, 
as can induced dipole-induced dipole attractions between nonpolar side groups, 
such as those found in phenylalanine and valine. Because these latter attractions 
tend to exclude water, they are also known as 2⁄?obboÖic attricl20713. 

Hydro2///e attractions between a protein and an aqueous medium, such as 
cytoplasm or blood, also help maintain tertiary structure. Ín a protein dissolved 
in an aqueous medium, the polypeptide cha¡n ¡s folded so that nonpolar side 
øroups are on the inside of the molecule and polar side groups are on the out- 
side, where they interact with the watcr. 

In keratin, the protein that is the main component of hair and fingernails, an 
important force shaping tertiary structure ¡s disulñde bonds cross-linking adja- 
cent alpha helices, as shown in Figure 13.22. The more disulñde crosslinks in 
keratin, the tougher this protein ¡s. In general, thicker hair has more disulde 
crosslinks than does ñne haiïr. Also, ñngernails are hard because of extensive 
disulide cross-linking. 

Disulfde crosslinks enable hair to hold a particular shape, such as a curl. 
Figure 13.23 ilÏustrates a permanent wave, which can modify the degree of curl 
In hair. The hair is fñirst treated with a reducing agent that cleaves some of the 
disulide crosslinks. This is usually a smelly step because some of the sulfur is 
reduced to odorous hydrogen sulfide. Cleaving disulde crosslinks, however, 
allows the keratin to become more flexible. The haïr ¡s then set into the desired 
shape, using rollers ¡f the desired shape ¡s curls or boards ¡f the desired shape is 
straight. An oxidizing agenr ¡s then applied to restore the disulfide crosslinks, 
which hold the harr in its new orlentation. 
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Hydrogen bonds between adjacent alpha helices also pÏay an Important role 
in making keratin a tough material. hen keratin gets wet, these hydrogen 
bonds are disrupted, which ¡s why ñngernails soften in water. Hair aÌso softens 
in water. As water molecules slip betwcen the alpha helices, the polypeptide 
strands slide past one another to the extent permitted by the disulfide crosslinks. 
As water molecules evaporate, hydrogen bonds between alpha helices are 
reestablished, and the hair toughens to its original shape——unless, of course, the 
haïr is mechanically held in a different shape by, for example, rollers. Hair fash- 
ioned by wetting maintains its new shape only temporarily, however, because 
disulde crosslinks ultimately pull the hair back to ¡ts natural look. Interest- 
ingly, a small amount of water in hair enhances the molecular attractions 
between alpha helices. Curls therefore hold longer in humid climates than in 
dry climates. 

Many proteins consist of two or more polypeptide chains. Such proteins have 
a quaternary structure resulting from bonding and interactions among these 
chains. A good example ¡is hemoglobin (Figure 13.24), the oxygen-holding 
component of red blood cells. Ít is a complex of four polypeptides inside of 
which four iron-bearing heme groups are tightÌy nestled. 


Distinguish among hemoglobin's primary, secondary, tertiary, and quater- 
nary structures. 


Was thỉs your answer? Hemoglobin's primary structure ïs ïts sequence of 
amino acids along each polypeptide. The twisting of each polypeptide into 
an alpha helix is ïts secondary structure. The folding up of the full length of 
each alpha helix into a globular shape ïs ïts tertiary structure. The combina- 
tion of the four polypeptides is the quaternary structure. 


Proteins are viable only under very specifc conditions, such as a particular 
pH and temperature. Changes in these conditions can break the chemical 
attractions within a protein and thereby cause a loss of structure, which neces- 
sarily means a loss of biological function. A protein with Ïost structure ¡s said to 


FIGURE 13.24 
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the quaternary structure of 
hemoglobin, a protein consisting 
o£ four interlinked polypeptide 
chains, each shown in a different 
color. Computers are important 
tools for the study ofbiomole- 
cules, as they heÏp scIentists visu- 
alize complex three-dimensional 
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be Zezzr„zreZ. A hard-boiled egg, for example, con- 
sists of denatured proteins that can in no way sup- 
port the development of a chick. The same atoms 
are there, but, as usual, it is the arrangement of 
atoms and theïr spatial orientations that make all 
the differencc. 


Receptor site 


Fructose 


ENZYMES ARE BIOLOGICAL CATALYSTS Glucose 
Enzymes are a class of proteins that catalyze (speed Products 
released 


up) biochemical reactions. Their function has 
everything to do with their structure. Ñad up a 
pPIece of paper, and you will fínd many nooks and 
crannies. Ïn a similar fashion, there are nooks and 
crannies on the surface of an enzyme. Some of 
these sites, called z£eøø/ør s7/s, are special in that 
reactant molecules, called s2z/zzz, are able to ft 
inside them. Like a hand in a gÌlove, a substrate 
molecule must have the right shape in order to fita 
receptor site. Molecular attractions, such as hydro- 
gen bonding, then hold the substrate molecule in 
the receptor site, where the substrate is activated for reaction. The resulting 
product molecule or molecules are then released, freeing up the receptor site for 
other substrate molecules. 

Figure 13.25 shows how an enzyme called sucrase breaks sucrose down to its 
monosaccharide units. nce sucrose binds to the empty receptor site on the suCrase, 
the enzyme facilitates the breaking of the covalent bond that holds the glucose and 
fructose units together. Ít does so by holding the sucrose molecule in a certain con- 
formation and then changing the electronic characteristics of this covalent bond so 
that it easily breaks when attacked by water molecules, which are ever present in Ìiv- 
¡ng tissue. In the ñnal step, the severed gÌucose and fructose units are released from 
the enzyme, which is then free to catalyze the splitting ofanother sucrose molecule. 

While some enzymes, such as sucrase, split substrate molecules apart, others 
join substrate molecules together. In alÏ cases, enzymes are so efficient that a sin- 
øle enzyme molecule may act on thousands or even millions of substrate mole- 
cules per second. Without enzymes, most biochemical reactions would not 
OCCur at rates fast enough to support life. 

A chemical that Interferes with an enzymes$ activity Is called an 7z////27. 
Inhibitors work by binding to an enzyme and thereby preventing a substrate 
from binding. They are important regulators of cell metabolism. In many 
instances, an inhibitor is the very product created in an enzyme-catalyzed reac- 
tion. Once the enzyme produces a given concentration of product, it begins to 
shut down because the product molecules kick ïn as inhibitors. As we shalÏ see in 
the next chapter, many drugs act either by inhibiting enzymes or by mimicking 
an enzymes natural substrate. 


©) Substrate 
converted to 
products 
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ur bodies are buiÌt of proteins——from microscopic celÏ constituents, such as 

enzymess and organelles, to such macroscopic structures as bones, haïr, skin, 
and teeth. The number of different ways amino acids can link together to make 
prOteins is fantastic. Yet, somehow our bodies are able to assemble amino acids in 
just the right order to build proteins that have highly functional structures. 
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FIGURE 13.25 
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In order to understand how the myriad specific 
proteins In our bodies are buiÏt, you need to know 
about nucleotides and nucleic acids. A nucleotide, 
represented in Figure 13.26, Is a structural unit con- 
sisting ofFa phosphate group, a ribose sugar, and a 
nirogenous base. (Dont worry about these unfa- 
miliar words. #72øs£ simpÌy means a sugar contain- 
¡ng fñve carbon atoms, and 72g22 means 
“containing nitrogen atoms.”) A nucleic acid is a 
polymer made up of nucleotide monomers. Proteins 
are built by nucleic acids, which are found ¡n aÌmost 
every celÏ ofan organism and hold the instructions 
for building every sort of protein. An organismS 
nucleic acids are inherited from its parents, which ¡s 
why the organism resembles its parents. Thus, like 
begets like—bears have baby bears, seals have baby 
seals, and humans have baby humans. 


Nucleotide 


FIGURE 13.26 


A nucleic acid 1s a long polymeric 
chain o£ nucleotides, each 
nucleotide consisting ofa 
nitrogenous base, a ribose sugar, 
and a phosphate group. 


: Figure 13.27 illustrates the two maJjor cÏasses of 

nucleic acids, distinguished from each other by the 
type of ribose sugar in the nucleotide monomers. Those without an oxygen 
atom on one of the carbon atoms in the ring of the ribose sugar are deoxyrib- 
onucleïc acids, or simply DNA. These polymers, which are the primary source 
of genetic information ¡in plants and animals, are found ¡in the cell nucleus as 
well as in certain organelles known as mitochondria. Nucleic acids that have an 
oxygen atom on the carbon of the ribose sugar, as shown in Figure 13.27b, are 
ribonucleic acids (RNA). These polymers occur mostly outside the cell nucleus 
¡n the cytoplasm, where they piece together amino acids to make proteins. 

There are four types of nucleotides in a DNA polymer (Figure 13.27a). These 
four nucleotides differ from one another in the nitrogenous base they contain, 
which may be adenine (A), guanine (G), cytosine (C), or thymine (T). There are 
also four types of RNA nucleotides used to build the RNA polymer (Figure 
13.27b). The RNA nucleotides contain the same nitrogenous bases as found in 
DNA nucleotides except for thymine. Instead of thymine, RNA nucleotides 
contain the nitrogenous base uracil (U), whose structure ¡s only sliphtly different 
from that ofthymine. 


cK 


What are the two ways ïn which DNA nucleotides điffer structurally from 
RNA nucleotides? 


Was thỉs your answer? All DNA nucleotides lack an oxygen atom on the 
rïbose sugar. Also, the nïitrogenous base in a DNA nucleotide may be ade- 
nỉne, guanine, cytosine, or thymine. The nitrogenous base in a RNA 
nucleotide may be adenine, guanine, cytosine, or uraciÌ. 


DNA IŠS THE TEMPLATE OF LIFE 


The story ofour modern-day understanding of genetics began in the 1850s in an 
abbey garden, where a monk named Gregor Mendel (1822—1884) documented 
how varieties of sweet peas could pass traits, such as fower color, from one øen- 
eration to the next. From Mendels work arose the idea that heritable traits are 
passed from parents to offspring ¡n discrete units called ø¿zs. In the early 1900s, 
researchers correlated Mendels heritable genes to cellular microstructures known 


as chromosomes, which are elongated bundles of DNA and protein that form 
whenever a ccÌÏ is getting ready to divide (Figure 13.28). Each gene, it was found, 
resides at a specific location on a particular chromosome. Offspring inherit genes 
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by receiving replicates of their parents chromosomes. 


Úp until the 1940s, ¡it was not known whether the DNA portion or the 
protein portion of the chromosomes was the carrier of genetic information. 
Most investigators were inclined to believe that proteins, with their great 


DNA strand 


Protein 


Oxygen 
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FIGURE 13.27 


(a) The nucleotides oFDNA have 
ribose sugars that are missing an 
oxygen on one of the carbons. 
The nitrogenous bases of DNA 
are adenine, guanine, cytosine, 
and thymine. (b) The nucleotides 
oF RNA have fully oxygenated 
ribose sugars. The nitrogenous 
bases of RÌNA are adenine, gua- 


nine, cytosine, and uracil. 


FIGURE 13.28 


Onion cells in the process of 
dividing show chromosomes that 
consist o£ DNA and protein mol- 
ecules clumped together. During 
division, the chromosomes dupli- 
cate themselves such that each 
new cell receives a full set of 
chromosomes identical to the set 
in the parenr cell. 
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FIGURE 13.29 


- Á ladder made ofrope sides and 

- rieid wooden rungs can be 
twisted to create a double helix. 
The ropes are the equivalent of 
DNA$S two sugar-phosphate 
backbones, which are shown as 
the yellow and orange atoms In 
the computer rendition shown 
on the ripht. The rungs represent 
PAIrs of nitrogenous bases, which 
are seen in the computer rendi- 
tion as shades of lavender and 
blue. 


Hydrogen bond 


FIGURE 13.30 


- The two strands of nucleotides in 

-aDNA molecule are held 
together by hydrogen bonding 
between complementary nitroge- 
nous bases: adenine with thymine 
and guanine with cytosine. 
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Double helix 


TWist 


diversity, were the carriers. In the 1940s, however, DNA was found to be a 
polymer containing adenine, guanine, cytosine, and thymine. Along the 
DNA chain, these bases could be sorted in any order. This potential variabil- 
ity in base sequencing opened up the possibility that DA was the carrier of 
genetic information. 

In 1953, James Ñatson (b. 1928), an American biologist, and Francis Crick 
(1916—2004), a British biophysicist, together deduced that DNA occurs as 
two separate strands of nucleotides coiled around each other in a double helix, 
as Illustrated in Figure 13.29. The strands are held together by hydrogen 
bonding between opposing nitrogenous bases. What is most critical about 
Watson and Cricks model ïs that hydrogen bonding occurs only between spe- 
ciic bases—guanine pairs only with cytosine, and adenine pairs onÌy with 
thymine, as shown in Figure 13.30. This means that ¡fyou know the sequence 
of one strand, you can automatically deduce the sequence of the second 
strand, also known as the cøø/ezzeøzry srzøđ. For example, 1f the first strand 
contains the sequence CTGA, the complementary strand must contain the 
sequence GAC”T. 

In living tissue, cells divide to create duplicates of themselves. Ïn a matur- 
¡ng organism, cells divide frequently to provide for growth. Ïn a mature 
organism, cells divide at a rate sufficient for the replacemenrt of those that die. 
Each time a cell divides, genetic Information must be preserved. Ïn a process 
called replication, DNA strands are duplicated so that cach newly formed 
celÏ receives a copy. Replication also allows for copies o£ DNA to pass from 
parent to offspring. 

With their model, Watson and Crick proposed that DNA replication begins 
with the unraveling of the double helix. Each single strand then serves as a tem- 
plate for the synthesis ofits complemenrtary strand. Free nucleotides are coupled 
to the single strand of DNA according to the rules of base pairing: guanine + 
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cytosine, adenine + thymine. One double helix thus turns into 
two, as shown in Figure 13.31. As a cell divides, one of the rwo 
new strands is segrepated in cach of the two newly formed cells. 

For their clucidation of DNA) secondary structure and 
function, Watson and Crick, along with biophysicist Maurice 
Wilkins (1916—2004), received the 1962 Nobel Prize in Phys- 
1ology o£ Medicine. Subsequent research soon led to an under- 
standing of how the nucleotide sequences in DNA translate 
into the synthesis of proteins. The Nobel laureates are shown 


in Figure 13.32. 


ONE GENE CODES FOR ONE POLYPEPTIDE 


As we saw in Secton 13.4, the shape of a protein molecule is 
determined by the proteins primary structure, which ¡s the 
sequence of amino acids. So what, then, controls a protein 
amino acid sequence? “The answer to this question, as we are now 
ready to explore, is the øene. 

Ín modern terms, a gene is a particular sequence o£ DNÑA 
nucleotides along the DNA strand in a chromosome. Each gene 
codes for the synthesis of one or more proteins In an organism. 
Organisms, of course, need enormous numbers of genes to pro- 
duce all the proteins they need. The number of genes contained 
in the 46 chromosomes in a single human celÌ, for instance, is 
estimated to be on the order of 25,000. To accommodate this 
many genes, each DÌNÑA molecule is very long, containing on the 
order of 3.1 billion base patrs. [nterestingly, eenes make up only 
about 20 percent ofa DNA molecule. The other 80 percent of 
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the nucleotides in a DNA strand appear to serve mereÌy as spac- @® New Original Original — New 

ers, their main job being to separate genes on the same DNÑA strand  strand strand strand 

molecule. Other functions these spacer nucleotides might have ————— '=—=—ẽ=—Ý 
Double helix Double helix 


are not yet fully understood. 


RNA IS LARGELY RESPONSIBLE FOR PROTEIN SYNTHESIS 


The translating of a sequence of DNA nucleotides into a sequence of amino 
acids—in other words, into the manufacture of a protein—involves many 
Iintricate cellular mechanisms that are still the subject of much rescarch. The 
overall process, however, is conceptually straightforward, involving two steps—— 
transcripriøøn followed by ứr2s/zzøø. These steps are mediated by the other 
major nucleic acid, RNA, of which there are three forms—messenger RNA 
(mRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA). 

Protein synthesis begins in the cell nucleus with transcription, ¡llustrated in 
Eigure 13.33. In this step, the cell manufactures a single strand of messenger 
RNA. The genetic information encoded ¡in a gene in the celÏs DNA ¡s used to 
specify the nucleotide sequence ¡n this new strand of messenger RNA. During 
transcription, the section of DNA that is the gene unwinds, and then an enzyme 
binds free RNA nucleotides to one of the single DNA strands according to a 
base-pairing scheme similar to that for DNA replication, with one difference. 
Every cytosine on the DNA pulls in a guanine, every DNA guanine pulls in a 
cytosine, every DA thymine pulls in an adenine, but—here5 the difference— 
every DNA adenine now pulÌs in not a thymine but rather a uracil. Thus the 
mRNA synthesized during transcription contains the four RNA bases, as it 
must. The developing mRNA single strand is conformationally different from 
DNA because of the additional oxygen on the ribose sugar and as a result does 
not bind well to the DNA. Instead, the information-rich mRNA strand migrates 


FIGURE 13.31 


The replication oFIDNA. ® Double 
helix oFDNA unwinds. Ø Each 
single strand serves as a template for 
the formation ofa new DNA strand 
conraining the complementary 
sequence. ®'Two daughter double 
helices are formed, cach containing 
one ofthe parent strands. 


fw 


s Initially,scientists estimated 
there were about 1OO,OOO điffer- 
ent human genes. Over the past 
decade, however, this estimate 
has been gradually reduced to 
about 25,ooo genes, which ïs only 
about sooo genes greater than 
the lowly roundworm. 

MORE TO EXPLORE: 
Www.ornl.gov/sci/techresources/ 
Human_Genome/faq/ 
genenumber.shtml 
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(a) Watson and Crick in 1953 with their model ofthe DNA double helix. In discov- 
ering this model, Watson and Crick relied heavily on the experimenral evidence 
gathered by other researchers; most notably, the research team of (b) Maurice 
WWilkins and (c) Rosalind Franklin (1921—1958) provided the X-ray images of DNA 
crystals critical to ÑWatson and Cricks elucidation of DNAšS structure. Franklin did 
not share in the 1962 Nobel prize because ït is never awarded posthumously. 


-EISURE +a.s: 


Transcription resembles DA 
replication except that onÏy one 
of the two DNA strands is copied 
and the newly synthesized 
mRNA single strand does not 
remain associated with Its tem- 
plate DNA strand. 


Direction of Template 
transcription strand of DNA 


Newly made 


DNA double helix 
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A 
UAU U 
Tyr 
: UAC | G 
er 
UAA_ S†op A 
UAG Stop G 
CAU | _ U 
CAC | C 
Pro 
CAA | T A 
CAG | E 
AAU U 
Asn 
AAC C 
Thr 
AAA | ` A 
AAG | G 
GAU | đâu U 
GAC | C 
Ala 
GAA | Tu A 
GAG ] ° 


away from the DNA, exiting the cell nucleus and entering the cytoplasm, where 
the protein will be buiÏt. 

In the next step, translation, the sequence of nucleotides in the newly syn- 
thesized mRNA strand is used to determine the sequence of amino acids in the 
protein to be synthesized. This is done by way ofa ø£e//c code, which was fully 
deciphered by 1966 and ¡s shown ¡in Eigure 13.34. According to the genetic 
code, it takes three mRNA nucleotides—each three-nucleotide unit ¡s called a 
cøøz—to code for a single amino acid. The mRNA nucleotide sequence AGU, 
for example, codes for the amino acid serine, and AAG codes for lysine. (Note 
from EFigure 13.34 that more than one codon can call for the same amino acid.) 
A few codons, such as AUG and GA, are the signals for protein synthesis to 
either start OF stOp. 

WWhen using Figure 13.34 to determine which amino acid a particular codon 
codes for, you can quickly locate the codon by using the three colored strips. 
Eirst run your fñnger down the red strip until you come to the frst letter in the 
codon, then run your finger to the right unuil ít ¡is under the letter in the yellow 
strip that matches the second letter of the codon, then run your fñnger either up 
or down this column until your ñnger ¡s aligned with the letter in the blue strip 
that matches the third letter of the codon. There you can identify which amino 
acid the codon codes for. 

The key player in translation is transfer RNA, which has an angular confor- 
mation and ¡s illustrated in Figure 13.35. Cells contain large numbers of 
tRNA molecules, as well as large numbers of free amino acids (which came 
from some protein food the organism ate). Ôn the lower tip of cach tRNA 
molecule as drawn In Figure 13.35 lie three nucleotides that complement a 
codon on mRNA. These three tRNA nucleotides are called the zø//eøøø. Ôn 
the opposite end of the tRNA molecule is an attachment site for an amino 
acid. This site is unique for a particular amino acid. One tRNA containing a 
particular anticodon, for example, might attach only to the amino acid 
glycine, while another tRNA containing a different anticodon mipht attach 
only to the amino acid alanine. 


RNA codons are three- 
nucleotide units that either code 
for specific amino acids in a pro- 
tein being synthesized or lse sig- 
nai the synthesis to either start or 
stop. For cxample, the codon 
CUA codes for the amino acid 


leucine. 


= Scientists are learning that hav- 


ïng a gene for a particular traït is 
no guarantee that the traït will 
be realized. An organism's envi- 
ronment, ït turns out, has a much 
more pronounced effect than has 
been traditionally thought. For 
example, a gene associated with 
depression has been found to 
express ïtself only when the indi- 
vidual possessing that gene 
experiences deeply stressful 
events. Similarly,humans with a 
gene for unusual aggression 
(called the “violence gene”} are 
†wice as likely to grow into nor- 
mai adults when raised in a Ìov- 
ïng and nonabusive family. 
Nature determines whether an 
Organism has a particular gene. 
Whether that gene is expressed 
or not greatly depends upon how 
the organism is nurtured. In 
other words, the course of your 
life is not predetermined by your 
DNA. There is much you can do to 
nurture good physical and men- 
tal health. 

MORE TO EXPILORE: 
National Youth Survey Family 
Study 
www.colorado.edu/†bs/NYSFS/ 
geb.html 
http://en.wikipedia.org/wiki/ 
Nature_versus_ nurture 
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FIGURE 13.35 


'Translation involves transfer 
RNA. (a) The structure ofa 
transfer RNA molecule, with an 
anticodon at one end and an 
amino acid attachment site at the 
other end. (b) A highly simpliRed 
symbol for tRNA. The anticodon 
1s a series ofthree nucleotides 
that complement themRNA 
codon and code for a specific 
amino acid at the amino acid 
attachment site. 


Amino acid attachment site 


_——Amino acid 
attachment site 


P } Anticodon 


(a) 


As the mRNA leaves the cell nucleus in which ¡t was created and enters the 
cytoplasm, it binds with specialized structures called z72øsøzes, as shown in 
Eigure 13.36. Ribosomes are microscopic complexes ofFrRNA and proteins, and 
they are the site where proteins are built. As the mRNA ss scrolled sequentially 
over the ribosome, the anticodon end ofa free tRNA molecule binds to an 
mRNA codon. In this manner, tRNA molecules and their tag-along amino 
acids are placed adjacent to one another along the mRNA strand. The amino 
acids then chemically bond with one another, forming a long polypeptide chain 
that breaks away from the cRNA as ít forms. This process continues untiÌ a stop 
mRNA codon, for which there are no tRÌNA anticodons, is encountered. At this 
point, the primary structure oFa new protein has been built. 


How many codons are there in the mRNA sequence AUG CUU AAA AGU CAA 
GCA UAA, and how many amino acids does this sequence code for? 


Was thỉs your answer? A codon is a triplet of mRNA nucleotides holding 
instructions for the building ofa polypeptide strand, and so this sequence 
contains seven codons. The first and last are start/stop instructions, how- 
ever, and so the number of amino acids coded for is only five. The sequence is 
Leu-Lys-Ser-Gln-Ala. 


GENETIC ENGINEERING 


As they learned how proteins are made from nucleic acids, scientists developed 
tools to alter and map this process in order to do such things as treat human 
disease, uncover submicroscopic archaeologic evidence, and create new agri- 
cultural crops. AlÏ these activities come under the tite OŸ đ£72£f/c £7g77!€€T/1g. 

One of the most Important early advances In genetic engineering was the dis- 
covery of a class of enzymes, called restriction enzymes, that cleave long strands 
of DNA ¡nto smaller fragments. Restriction enzymes reside in bacteria and 
viruses as a means of self-defense—they protect the host oreanism by degrading 
any invading foreign DNA molecules. Most restriction enzymes recognIze a spe- 
ciic nucleotide sequence in the foreign DNA. By random chance, the sequence 
OCcurs many times throughout any DNA strand. The enzyme latches onto these 
sites and then catalyzes a cut across the double helix. 


) Amino acid 
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Ribosome 
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FIGURE 13.37 


The profile ofa series of DNA 
frayments separated by gel 
electrophoresis. 


Longer 
fragments 


<—— |ÌI II IIIl 


Shorter 
fragments 


Completed gel 


Figure 13.37 shows how frayments of DNA created by restriction enzymes can 
be separated from one another by a process based on differences in molecular size. 
The technique, called ø£/ ezcfropbores/s, takes advantage of the fact that nucleic 
acids are negatively charged and therefore attracted to a positive electrode. As they 
move through a gel toward the positive electrode, the shorter fragments travel 
faster than the longer ones. The result is a series of bands, cach containing frag- 
ments having the same size. The pattern these bands form ïs characteristic ofFboth 
the type of restriction enzyme used and the identity of the DNA. Treating DNA 
with a series of different restriction enzymes can result in a gel electrophoresis pat- 
tern that ¡s quite intricate and extremely characteristic not only of the species but 
of the individual. What forensic experts call a DNA fngerprint, used to identify a 
crime suspect, is an example ofa gel electrophoresis pattern. 

Nucleotide sequences recognized by restriction enzymes are usually symmet- 
rical such that the rtwo strands of the double helix have the same base sequences 
but in opposite directions. The base sequences shown here in blue, for example, 
are symmetrIcal: 


CAGGGGG Ai 


GTCGCTTAAGACG 
“———.——. 
==“=<.`ẽ 
Symmetrical sequence 


Some restriction enzymes cleave a symmetrical sequence In a stageered manner 
such that the nucleotide chain ¡s cleaved at one place on one of the strands of 
the double helix and at a different place on the other strand, as shown at the top 
of Eigure 13.38. The DNA fragments resulting from staggered cleaving thus 
have one strand of the double helix longer than the other. These single-strand 
ends are callcd s⁄Ze&y ezz/s because they have complemenrary base sequences and 
so tend to reassociate by base pairing. 

Sticky ends allow the formation of recombinant DNA (pronounced re- 
COM-bin-ant), which is formed by combining DNA from different organisms, 
as shown in Eigure 13.38. DNA molecules from two sources are cleaved with 
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DNA from one organism DNA from another organism 
Point of cleavage Point of cleavage 
GIÁAATT C GIÁ ATT C 
€ TTAAI|G € TTAAI|G 
Point of cleavage Point of cleavage 
@) Restriction ÄÂTy Theo Sticky end 
enzyme creates ha +... AATTC 
sticky ends. =.  ¡ :::: RE 
|; : : : vViề gấp 
CTTAẠA W 
=——— 
Sticky end 


@) Two fragments from 
different organisms stick ` GIIAAATT € 
together by base pairing. CTTAAIRSSS 


C3) Enzymes join DNA strands. GAATTC | 
CTTAAG 


Recombinant DNA 


the same restriction enzyme, yielding two sets of fragments having identical 
sticky ends. When these fragments are mixed together, the complementary base 
pairs of the sticky ends combine to form modifed new DNA. 


ŒK R sr 


What are restriction enzymes? What is their function, and how đo scientists 
exploït this function? 


Were these your answers? They are enzymes that catalyze the cleavage of 
the DNA double helix. They occur naturally in bacteria and viruses and are 
used as a means of self-defense. Scientists use restriction enzymes to splice 
†ogether DNA fragmentts from different organisms. 


A great significance of recombinant DNA technology lies in the ease with 
which laree amounrts of selected ID NA sequences, such as human genes, can be 
synthesized. Thịs is done by Inserting a desired sequence into bacterial cells and 
allowing the sequence to be replicated as the bacterial cells multiply. This tech- 
nique, called gene cloning, ¡s ilÏustrated in Eigure 13.39 and ¡is now a routine 
procedure in biological laboratories. Growing large batches of the bacteria con- 
taining the inserted gene yields large quantities of the gene, meaning all these 
øenes are now available to produce large quantitles of the protein for which they 
code. Currently, various medicinally important proteins that are otherwise difl- 
cult to obtain are manufactured ¡n this manner. These include human ¡nsulin 
for diabetes; human growth hormone for osteoporosis and growth disorders in 
children; epidermal growth factor for skin regeneration in burn victIms; Inter- 
feron, which ¡is a promising anticancer agent; and bovine growth hormone, 
which increases milk production in cows by up to 20 percent. 


FIGURE 13.38 


- The formation of receombinant 
DNA. 


{y 


s The gene cloning described here 
is markedly different from 
cloning a whole organism, which 
is done by transplanting the 
entire DNA sequence of an 
Organism ïinto an egg that then 
gets ïmplanted mto a surrogate 
utterus. In 1996, a sheep named 
Dolly was the first marmmmail to be 
cloned. Sheep normally live to 
about age 12, but Dolly was put 
down ïn 2oo3 at age 6 because 
she was suffering from symp- 
torms of premature aging. Since 
Dolly, other mmarmmmals such as 
pigs, horses, and bulls have also 
been cloned.Whole organism 
cloning is still very experimental 
and fraught with risks for the 
cloned individual. Most nations 
already clearly prohibit the 
cloning ofa human. 

MORE TO EXPLORE: 
http://en.wikipedia.org/wiki/ 
Dolly the_sheep 
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@® Human gene is 
spliced into 


bacterial DNA. 


Bacterial clones carrying 
many copies of human gene. 


FIGURE 13.39 


A gene is spliced into bacterial 
DNA. Bacteria containing the 
recombinant DNA multiply, and 
the many coples of the human 
gene now presenr in the bacteria 
are available to produce large 
quantities oÊ protein. 


Bacterium 
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Human protein produced 
from recombinant DNA. 


There are many potential uses for recombinant DNA technology. Agricul- 
tural products, as is discussed in Chapter 15, can be made bug-resistant and 
spoil-resistant. The technology may also be used to treat genetic disorders, such 
as sickle-cell anemia, muscular dystrophy, cystic ñbrosis, and lupus, and may 
even address the question of why our bodies deteriorate with age. 

Toward these and other goals, scientists from around the world are working 
on the Human Genome Project, which aims to identify all the genes in human 
DNA and the proteins they code for. (A øezzøzz£ is the collection ofall the genes 
in an organism.) In June 2000, the Human Genome Project announced that it 
had sequenccd nearly all of the 3.1 billion nucleotide base pairs of human 
DNA—a historical milestone on a par with our landing on the moon. Ït will 
likely take many more years, perhaps decades, before all our genes and the pro- 
teins they code for are identifed. This will be an accomplishment like none 
other ever achieved by humans, allowing for truly revolutionary advances in 
medicine. The impact of this new knowledge will also be far-reaching, raising 
numerous ethical, philosophical, and even religious Issues. 


® 13.6 Vitamins Are Organic, Minerals Are Inorganic 


n addition to carbohydrates, lipids, proteins, and nucleic acids, our bodies 
require vitamins and minerals in order to survive. Vitamins are organic 
chemicals that, by assisting in various biochemical reactions, help us maintain 
good health. Minerals are inorganic chemicals that play a variety of roles in the 
body. Some, such as iron in hemoglobin, are vital components of biomolecules. 
Others, such as calcium ¡n bone, are intepral parts of structures. [elciencies in 
vitamins or minerals are the cause of certain diseases. Lack of vitamin €, for 
example, leads to scurvy, a disease marked by a deterioration of the gums. Lack of 
Iron leads to anemia, which results in general fatigue and an irregular heartbeat. 
Vitamins are classifed as either lipid soluble or water soluble, as shown ¡n 
Table 13.2. The lipid-soluble vitamins tend to accumulate in fatty tissue, where 
they may be stored for years. Adults can remain free of deiclency diseases for 
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TÃBLE 13.2 SOME VITAMINS NEEDED BY THE HUMAN BODY 


Vitamin Function Deficiency Syndrome 

Lipid Soluble 

Vitamin A Precursor to rhodopsin, a chemical Night blindness (retinol) 
used for vision; assists in inhibiting 
bacterial and viral infections 

Vitamin D Helps incorporate calcïium into Weak bones 

(calciferol) body 

Vitamin E Inhibits oxidation ofpolyunsaturated  Diminished hemoglobin 


(tocopherol) fats; free radical scavenger; helps 


maintain circulatory and nervous 


systems 
VitaminK Helps maintain ability to form Abnormail bleeding 
(phylloquinone) blood clots 
Water Soluble 
B vitamins Coenzymes in biochemical reactions Various nerve and 

for growth and energy production skin đisorders,anemia 
Vitamin C Antioxidant; assists in inhibiting SCUTVy 


(ascorbic acid) bacterial and viral infections 


quite some time because of these vitamin reserves. Children, on the other hand, 
because they have yet to build up these reserves, are particularly vulnerable to 
these diseases. In developing nations, for example, many chiÏdren suffer perma- 
nent blindness because ofa lack of vitamin A. 

A lack of lipid-soluble vitamins can be detrimenrtal, but so can excessive 
amounts, particularly of vitamins A and D, which can accumulate to dangerous 
levels. Too much vitamin A causes dry skin, irritability, and headaches. Exces- 
sive amounts of vitamin D lead to diarrhea, nausea, and calcification of joints 
and other body parts. Vitamins E and K are less harmful in large quantities 
because they are readily metabolized. 

The water-soluble vitamins are not retained by the body for long periods of 
time. Instead, because they are soluble in water, they are readily excreted in urine 
and must therefore be ingested frequently. It is difficult to harm yourselfby tak- 
¡ng in too much ofthe water-soluble vitamins. Your body simply absorbs what it 
immediately needs and excretes the rest. Foods boiled in water tend to lose vita- 
mins B and C because of the solubility of these viramins in water. The viramins 
are then poured down the drain along with the water. For this reason, many 
people prefer steaming or microwavine their vegetables. Also, foods should not 
be overcooked, as both lipid-soluble and water-soluble vitamins are destroyed 
by heat. 

All minerals are ionic compounds ofvarious elements. They are classied accord- 
¡ng to the quantities we need. Ä⁄/2ezøzzz/zerzs, the ones we need in greatest quantity, 
make up about 4 percent of our body weight. Macrominerals are listed in Table 
13.3. The amounts of macrominerals we need are measured in grams. The amounts 
Of 7£ 772e⁄1lt we Ingest daiÌy are measured in milligrams. Beyond trace minerals 
are #Èrøfrce 077icr4/5s, which we use on the microgram or ven picoeram scale. 

The body requires balanced amounts of minerals, meaning that too much is 
as harmful as too little. Ultratrace minerals are particularly toxic when taken in 
large quantities. Cadmium, chromium, and nickel, for example, are potent car- 
cinogens, and arsenic is a well-known poison. Yet our bodies need microquanti- 
ties of these minerals if we are to stay healthy. Eating a well-balanced diet ¡s 
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s “Who was the 'discoverer' of vita- 
mins? This question has no cÌear 
answer. So often ïn the develop- 
ment of science, a fundamenrtal 
idea is foreshadowed ïn many 
quarters but has long to waït 
before it emerges as a basis of 
accepted knowledge. As in other 
cases, so with recognition of vita- 
mỉns as physiological necessities. 
Theïr existence was foreshad- 
owed long ago, but a certaïn right 
momert in the history of the sci- 
ence of nutrition had to arrive 
before ït could attaïn to universal 
recognition. Some workers had 
discovered suggestive facts, but 
failed to realize their full signifi- 
cance. On the other hand, the 
WoTrk and words of true pioneers 
lay forgotten because published 
when average minds were not 
ready to appraise them at their 
right value.” 

Sỉr Frederick Hopkins, Nobel 
Laureate for “his discovery of the 
growth-stimulating vitamins.” 
Excerpt from his 192o Nobel 
lecture. 

MORE TO EXPLORE: 
http://nobelprize.org/medicine/ 
laureates/1o2o/hopkins-lecture. 
html 
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= Living inside each of our celÌs are 
small organelles called mito- 
chondria, which are the major 
source of our ATP. Interestingly, 
mmïtochondria have their own 
DNA and their own genetic code, 
which suggests that mitochon- 
dria were once separate living 
entities with whom we now live 
symbiotically.Mitochondria 
reproduce themselves by cloning. 
They are then passed down from 
one generation to the next only 
through the mother. That most 
all modern humans have mito- 
chondrial DNA of nearly the same 
genetic makeup suggests that 
we all arose from the same single 
ancestral mmother. Variations ïn 
mitochondrial DNA among đif- 
ferent populations result 
because DNA naturally mutates. 
Knowing DNAs rate of natural 
mutation has allowed scientists 
†o estimate that our common 
mnother may have lived about 
15O,OOO years ago. By far, the 
greatest variations occur ïn 
native Africans, which suggests 
that she lived ïn Africa. All this is 
in agreemert with the fossil 
record of homo sapiens, which 
suggests that we are alÏ one very 
biq family. 

MORE TO EXPLORE: 
http://en.wikipedia.org/wiki/ 
Mitochondrial_DNA 
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13.3 SOME MACROMINERALS NEEDED BY THE HUMAN BODY 


Macromineral 
(lonic Form) 


Sodium (Na?) 


Some Functions Deficiency Syndrome 


Muscle cramps, reduced 
appetite 


Transportation of molecules 
across celÌ membrane, nerve 
function 


Transportation of molecules 
across celÌ membrane, nerve 
function 

Bone and tooth formation, 
nerve and muscle function 


Enzyme function 


Muscular weakness, 
paralysis, nausea, heart 
failure 


Retarded growth, possible 
loss of bone mass 
Nervous system 
disturbances 

Muscle cramps, reduced 
appetite 


Potassium (K*) 


Calcium (Ca”*) 
Magnesium (Mg”") 


Chlorine (CT) Transportation of molecules 
across cel] nermnbrane, digesfive 


fluid, nerve function 


Bone and tooth formation, 
nucleotide synthesis 


Amino acid component 


Phosphorus (H;PO,) Weakness, calcium Ïloss 


Sulfur (SO,”) Protein deficiency 


often the best way to obrain a good balance of minerals. Mineral supplements 
may also be taken, but doses should be monitored carefully. 

Two of the most abundant minerals in our diet are the ions of potassium and 
sodium. Both these ions are involved in nerve-signal transmission and in the 
transport of molecules into and out of cells. For good health, we need more 
potassium ions than sodium ions. So do all other living organisms, including the 
plants and animals we cat. hen we cat these plants or animals without addi- 
tives and without excessive processing, our need for greater amounts of potas- 
sium is met because these organisms naturally contain more potassium than 
sodium. When food ¡s boiled or deep-fried, however, both potassium ions and 
sodium ions are stripped away along with the liquids in which they are dis- 
solved. Saling the food with sodium chloride then puts the sodium ion content 
way above the potassium ion content. 

Another important dietary mineral is phosphorus, which comes to us as the 
phosphate ion, H;PO. As you can see by checking back to Figure 13.26 on 
page 452, phosphate ions form the backbone of nucleic acids. In addition, they 
are components of the energy-packed compound adenosine triphosphate 
(AT), shown in Eigure 13.40, which is produced in the oxidation of carbohy- 
drates, lipids, and proteins. 

ATP is the direct source of energy for most of the energy-requiring processes 
in the body, such as tissue building, muscle contraction, transmission of nerve 
impulses, heat producton, and movement of molecules into and out of celÏls. 
The human body goes through lots of ATP-—about 8 grams per minute during 
strenuous exercise. It is a short-lived molecule and so must be produced contin- 
uously. The many chemical pathways by which foods are oxidized to yield ATP 
have been mapped extensively by biochemists. 

'Various poisons act by blocking the synthesis of ATP. Carbon monoxide, for 
example, binds to the iron of hemoglobin, thereby preventine hemoglobin from 
carrying oxygen. The reason the body needs oxygen, however, is so that it can 
be used to oxidize carbohydrates, lipids, and proteins to form TP. So without 
oxygen, the body becomes starved of energy-yielding TP and quickly dies. 
Cyanide also blocks the synthesis of TP but does so by incapacitating enzymes 
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that play an important role in ATTP synthesis. Interestinely, ATTP ¡s also used by 
the body to allow muscles to relax after contraction. When the body dies, no 
matter what the cause, AƑP synthesis comes to a halt, and all body muscles 
become stif—a condition known as rigor mortis. 


* 13.7 Metabolism Is the Cycling of Biomolecules 
Through the Body 


Ứ= body takes in biomolecules in the food you eat and breaks them down 
to their molecular components. Then one of two things happens: either 
your body “burns” these molecular components for their energy content through 
a process known as (z2? z¿3p7z4/7øø, or these componenrs are used as the build- 
¡ng blocks for your body own versions of carbohydrates, lipids, proteins, and 
nucleic acids. The sum total of all these biochemical activities is what we calÏ 
metabolism. Two forms of metabolism are œ⁄20ø/z2zz and 420ø/zzz, and Eigure 
13.41 shows the major catabolic and anabolic pathways of ]iving organisms. 

All metabolic reactions that involve the tearing down of biomolecules are 
grouped under the heading of catabolism. Digestion and cellular respiration are 
examples ofcatabolic reactlons. Digestion begins with the hydrolysis oFfood mol- 
ecules, a reacton ¡in which water is used to sever bonds in the molecules. Ihe small 
molecules formed in digestion, such as the ølucose units ofcomplex carbohydrates, 
then migrate to all the various cells of the body and take part in cellular respira- 
tion. There the small food molecules Ïose electrons to the oxygen that was inhaled 
through our lungs and as a result break down to even smaller molecules as carbon 
dioxide, water, and anmonia, which are excreted. Through this process, hiph- 
enerey molecules, such as ATTP, are created. These hiph-enerey molecules are able 
to drive reactions that produce body heat, muscle movement, and nerve impulses. 
They also are responsible for allowing anabolism, which is the general term for alÏ 
the chemical reactions that produce large biomolecules from smaller molecules. 

The types of biomolecules produced by anabolism are the same as the types 
found in food——carbohydrates, lipids, proteins, and nucleic acids. These prod- 
ucts oÊanabolism are, ¡you will, the hosts own version of what the food once 
was. And If the host ever becomes food, anabolic reactions In the subsequent 
host will result in different versions of the molecules. Thus, organisms in a food 
chann live off one another by absorbing one anotherS energy via catabolic reac- 
tions and then rearranging the remaining atoms and molecules via anabolic 
reactions into the biomolecules they need to survive. 
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Catabolism and anabolism work together. In healthy muscle tissue, for exam- 
ple, the rate of muscle degradation (catabolism) ¡s matched by the rate of muscle 
building (anabolism). [f you increase your food supplÌy and exercise vigorously, it 
1s possible to favor the muscle-building anabolic reactions over the muscle- 
destroying catabolic reactions. The result ¡s an increase in muscle mass. Stop cat- 
¡ng and exercising, however, and these anabolic reactions lose out to the catabolic 
reactions. The result is a decrease in muscle mass——you begin to waste away. 


ChEcK- 


Anabolic steroids help people gaïn muscle mass. lf there were such a thỉng 
as a catabolic steroid, what would be its effect? 


Was thỉs your answer? Anabolic? Catabolic? Which is which? Many stu- 
dents recognize the term anabolic steroids from the sports news media, 
which are quick to report on famous athletes caught using these steroids for 
improved performance. Anabolism therefore is rnuscle-building, and so 
catabolism rnust be muscle-degrading. A catabolic steroid would cause a 
loss of muscle rmass. 


® 13.8 The Food Pyramid Summarizes a Healthful Diet 


he food pyramid, shown in Eigure 13.42, summarizes the food intake and 
€xercise recommendations of the United States )epartment of Asriculture 
(USDA). According to this pyramid, an individuals daily diet should consist 
mostÌy of bread, cereals, grains, pastas, fruits, and vegetables, with the amount of 
dairy products and meats fairly limited and foods high in sugars or fats consumed 
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only sparingly. Ñe can get some Insight into the reasons behind these recommen- 
dations by looking at how the body handles the biomolecules contained ¡in these 


foods. 


CARBOHYDRATES PREDOMINATE IN MOST FOODS 


Breads, cereals, grains, pastas, fruits, and vegetables are Important sources offood 
primarily because they contain a good balance of all nutrients——carbohydrates, 
fats, proteins, nucleic acids, vitamins, and minerals. The predominant compo- 
nent ofthese foods is carbohydrates, however. 

There are two types of carbohydrates——nondigestible, called dietary #øz, and 
digestible, mainly starches and sugars. As discussed in Section 13.2, dietary fiber 
helps keep things moving ¡n the bowels, especially in the large Intestine. There 
are two kinds of ñber——water insoluble and water soluble. Insoluble ñber con- 
sists mainly of cellulose, which is found ïn all food derived from plants. Ín gen- 
eral, the less processed the food, the higher the insoluble-ber content. Brown 
rice, for example, has a greater proportion of insoluble fñber than does white 
rice, which ¡s made by milling away the rice seedS outer coating (along with 
numerous vitamins and minerals). 

Soluble fiber is made of certain types of starches that are resistant to digestion in 
the smalÏ intestine. An example is pectin, which ¡s added to jams and jellies because 
It acts as a thickening agent, becoming a gel when dissolved in a limited amount of 
water. Soluble fñber tends to lower cholesterol levels in the blood because of how it 
Interacts with 2Z/ szs, which are cholesterol-derived substances produced ¡in the 
liver and then secreted into the intestine. As shown in Figure 13.43, one of the func- 
tions ofbile salts ¡s to carry ingested lipids throueh the membranes of the intestine 
and into the bloodstream. The bile salts are then reabsorbed by the liver and cycled 
back to the intestine. Soluble fiber in the intestine binds to bile salts, which are then 
efliciently passed out of the body rather than being reabsorbed. The liver responds 
by producing more bile salts, but to do so it must uuilize cholesterol, which ït col- 
lects from the bloodstream. By this indirect route ofbinding with bile salts, soluble 
Rber tends to lower a persons cholesterol level. Foods rích in soluble ñber include 
fruits and certain grains, such as oats and barley. 


FIGURE 13.42 
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@ Bile salts from 
the liver are 
secreted into 
intestine. 


Bile salts carry 
lipids into 
bloodstream. 


(a) 


ffE ———— 


s Your blood sugar level needs to 
remain within a very narrow 
range. When the blood sugar 
level gets too high, your body pro- 
duces the hormone insulin, 
which sequesters glucose mmole- 
cules from the blood for the for- 
mation of gÌycogen. Muscles, 
however, also play a large role ïn 
the removal of glucose from the 
bloodstream. Interestingly, mus- 
cles that are in shape are mmuch 
more effective at rernoving blood 
glucose than muscles that are 
not ïn shape. Regular exercise, 
therefore, effectively lowers the 
gÌycemic index of the foods you 
eat. A regular sedentary lifestyÌe 
puts nearly all the burden of 
removing blood sugar upon 
insulin, which can rernove only so 
mmuch. The result can be type lÌ 
diabetes. 

MORE TO EXPLORE: 
Spotlight on Muscle Fitness, page 
428 
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FIGURE 13.43 


(a) With no soluble fñber present, bile salts recycle to the liver and no new ones need 
to be made. (b) In the presence of soluble fiber, bile salts are removed from the body. 
The liver then must use cholesterol from the blood to make new supplies of bile 
salts. Thus by binding with bile salts, soluble fñber indirectly decreases the amount of 
cholesterol in the blood. 


During digestion, the digestible carbohydrates—both starches and sugars—— 
are transformed to glucose, which ¡s absorbed into the bloodstream through the 
walls of the small intestine. The body then utilizes this glucose to build energy 
molecules, such as ATP. 

Carbohydrate-containing foods are rated for how quickly they cause an 
Increase In blood glucose levels. This rating is done with what ¡is known as the 
@Ùcezz/c 7z4ex. The Index compares how much a g1ven Íood increases a Dersons 
blood glucose level relative to the increase seen when pure glucose 1s ingested, 
with the latter increase assigned a standard value of 100. In general, foods that 
are hiph ¡in starch or sugar but low in dietary fiber are high on the glycemic 
Index, a baked potato being a prime example. The gÌycemic Index for a partic- 
ular food can vary greatly from one person to the next. How the food was pre- 
pared can also make a big difference. Thus, index values, such as the ones 
shown in Table 13.4, are to be taken lightly—merely as ballpark ñgures. Given 
this qualification, however, the index provides valuable information for people, 
such as those with diabetes, who need to pay close attention to their blood 
sugar levels. 

There are a number of problems associated with eating carbohydrate foods 
that have a high glycemic index. For example, the rapid spike in blood glucose 
level causes the body to produce extra 72/2, a blood-soluble protein that 
causes glucose to be moved out of the blood and into cells to be metabolized. 
Insulin ¡s very effective at what it does, however, and soon the extra insulin in 
the blood leads to a depletion ofblood glucose. The body responds by releasing 
glucose-yielding glycogen but also by triggering a sense of hunger, even ¡f the 
p€rson just ate. A meal rích in foods high on the gÌycemic index therefore pro- 
motes overeatine, which usually leads to obesity. 


13.8 

TABLE 13.4  GLYCEMIC INDEX FOR SELECT FOODS 

Food Glycemiclndex  Food Glycemic Index 
Glucose 10O Honey s8 
Baked potato 85 Sweet corn 55 
Cornflakes 83 Brown rice B5 
Microwaved potato 82 Popcorn 55 
Jelly beans 8o Oatmeal cookies 55 
Vanilla wafers T7 Sweet potato 54 
French fries 75 Banana 54 
Cheerios 74 Mï]k chocolate 49 
White bread 7 Orange 44 
Mashed potato 7O Snickers candy bar 4O 
Life-Savers candy 7O Pinto beans 39 
Shredded Wheat 69 Apple 38 
Wheat bread 68 Spaghetti, boiled s minutes 36 
Sucrose 64 Skim milk 32 
Raisins 64 Whole milk 27 
Mars candy bar 64 Grapefruit 25 
High-fructose corn syrup 62 Soy beans 18 
White rice s8 Peanuts 15 


Source: Jennie Brand Miller et al., The GÏucose Revolution: The Authoritative Guide to the Glycemic 
Index. Sydney: Marlowe & Company, 1999. 


Many professional organizations, such as the American Diabetes Association, 
caution that priority should be given to the quantities of carbohydrates ingested 
rather than to the glycemic index of the food containing those carbohydrates. 
What really counts is the total number of calories absorbed, not whether these 
calories came from foods hiph or low on the index. For most people, however, 
ingesting foods low on the index makes maintaining a healthful caloric intake 
more manageable. 

Another advantage of eating carbohydrates from foods that are low on the 
index is that these foods provide energy to the body over an extended period of 
time. They do this because the glucose molecules they contain are released sÏowly. 
Furthermore, maintaining moderate glucose levels in the blood allows the body 
to continue using Íats for its enerey needs. Ás discussed in Section 13.3, fats pro- 
vide much more energy per gram (and thus more ATTP) than do carbohydrates. 

For athletes, a diet rích in foods low on the Index, such as spaghetti, translates 
to øreater endurance. [nterestingly, this greater endurance 1s Just as useful for 
bodybuilders as ít is for marathon runners. The energy required for building 
muscles is far more critical than the supply of raw materials needed. Furthermorc, 
the body metabolism ¡s versatile enough to øenerate proteins out of glucose (Just 
as ït is able to generate ølucose out ofproteins). Thus, the bodybuilderS supply of 
proteins ¡s assured. A diet rich in carbohydrates is therefore more effective at 
allowing a bodybuilder to build muscles than ¡s a diet rích in proteins. 

Despite the many advantages of cating carbohydrates low on the glycemic 
index, foods rich in carbohydrates high on the Index, such as sucrose, are now 
more popular than ever. Many ofthese foods are highÌy processed and are found 
at the apex of the food pyramid. Although they are good at providing energy, the 
USDA recommends that they be consumed only sparingly because they lack 
many of the essential nutrients present in the foods of the lower two tiers. 


THE FOOD PYRAMID SUMMARIZES A HEALTHFUL DIET 


469 


| 
| 
| 
| 


s Many people suffer from a condi- 
tion ïn which the body produces 
†oo mnuch ïnsulin ïn response to a 
rapid rise in blood sugar. The 
excess ïnsulin causes the blood 
sugar level to drop to abnorrnalÌy 
low levels, which creates numer- 
ous syrmnptoms, such as fatigue, 
mood swings, trembling, faint- 
ness, and more. The condition is 
called hypogl/cemia and ït is best 
controlled through a diet that 
minimizes the ïngestion of sugar, 
white flour, alcohol, caffeine, and 
tobacco. 

MORE TO EXPLORE: 
Wwww.hypoglycemia.org 
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UNSATURATED FATS ARE GENERALLY MORE HEALTHFUL 
THAN SATURATED FATS 
Because your body uses saturated fats to synthesize cholesterol, the more satu- 
rated fats you ingest, the more cholesterol your body is able to synthesize. Ủnsat- 
urated fats, by contrast, are nor ideal starting materials for cholesterol synthesis. 

Another reason unsaturated fats are more healthful has to do with how Íats asso- 
ciate with cholesterol. Fats and cholesterol are both nonpolar lipids, which, on their 
own, are insoluble in blood. In order to move throueh the bloodstream, these com- 
pounds are packaged with biÌe salts, as was discussed earlier. Most lipids, however, 
are made water soluble by being packaged with water-soluble proteins in complexes 
called Zøøøzøze/zs. Lipoproteins are classified according to density, as noted in Table 
13.5. Very-low-density lipoproteins (VLDL) serve primarily in the transport of fats 
throughout the body. Low-density lipoproteins (LDL) transport cholesterol to the 
cells, where ït is used to build cell walls. High-density lipoproteins (HDL) bring 
cholesterol to the liver, where it is transformed to a variety of useful biomolecules. 

A diet high ín saturated fats leads to elevated VLDL and LDL levels in the 
bloodstream. This is undesirable because these lipoproteins tend to form fatty 
deposits called ø/zzze in the artery walls. Plaque deposits can become infamed 
to the point where they rupture, releasing blood-clorting factors into the blood- 
stream. A blood clot formed around the rupture site ¡s let loose into the blood- 
stteam, where it can become lodged and block the fow ofblood to a particular 
region of the body. When that region ¡s in the heart, the result is a heart attack. 
hen that region ¡is in the brain, the result is a stroke. 

In contrast to saturated fats, unsaturated fats tend to increase blood HDL 
levels, which ¡s desirable because these lipoproteins are effective at 7£720/g 
plaque from artery walls. 


NA. 


For what two reasons are unsaturated fats better for you than saturated fats? 


Was this your answer? Unsaturated fats are not so readily used by your 
body to synthesize cholesterol. They also tend to increase the proportion of 
high-density lipoproteins, which lower the level of cholesterol in your blood 
and help relieve the buildup of arterial plaque. 


DỦnsaturated fats, as noted in Section 13.3, tend to be liquids at room temper- 
ature. They can be transformed to a more solid consistency, however, by ý⁄oø- 
£7z/7øø, a chemical process in which hydrogen atoms are added to carbon-carbon 
double bonds. Mix a partially hydrogenated vegetable oil with yellow food color- 
¡ng, a little salt, and the organic compound bupyric acid for flavor, and you have 
margarine, which become popular around the time of World ÑWar II as an alter- 
native to butter. Many food products, such as chocolate bars, contain partially 


TABLE 13.5 THE CLASSIFICATION OF LIPOPROTEINS 


Lipoprotein Percent Protein Density (g/mL) Primary Function 

Very-low-density (VLDL) 5 1.OO6-1.O19 Fat transport 

Low-density (LDL) 25 1.O19—1.O63 Cholesterol transport 
(to ceTls to buïld cel] 
walls) 

High-density (HDL) 5O 1.O63-1.210 Cholesterol transport 


(to liver for processing) 
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hydrogenated vegetable oils so that they are ofa consistency that sells well in the 
marketplace. Hydrogenation increases the percentage of saturated fats, however, 
and therefore makes these fats less healthful. Furthermore, as Figure 13.44 shows, 
some ofthe double bonds that remain are transformed to the 7s structural iso- 
mer (see Hands-On Chemistry: Iwisting Jelly Beans on page 398). Because car- 
bon chains containing øs bonds tend to be less kinked than chains containing 
c/s bonds, the partially hydrogenated fat has straiphter chains. This means the fat 
1s more likely to mimic the action of saturated fats in the body. 


OUR INTAKE OF ESSENTIAL AMINO ACIDS SHOULD 
BE CAREFULLY MONITORED 


Proteins are useful for their energy content, just as starches, sugars, and fats 
are, but perhaps the greatest importance of proteins lies with how our bodies 
use them for building such structures as enzymes, bones, muscles, and skin. 


SIZZLE SOURCES | 


trans configuration 


FIGURE 13.44 


Hydrogenation can lead to 77s 
double bonds in the fatty acid 
chain, which as a result points 
straipht out, much as the chain of 
a saturated fatty acid does. 


id you ever notice that butter 

and margarine sizzÌe on a hot 

griddle but vegetable oïl does 
not? The sizzling is the sound of 
water boiïling away rapidly as the 
butter or margarine hits the hotter- 
than-1oo°C griddle. The sizzling sub- 
sides once the water is gone. 
Vegetable oïl contaïns no apprecia- 
ble quantities of water, and so it does 
not sizzle. Different brands of mar- 
garine contain đifferent proportions 
of water, which is the subject of this 
investigation. 


WHAT YOU NEED 


Several brands of margarine (be sure 
to include a number of “light” 
spreads), series of same-sized drink- 


ïng gÌasses, microwave oven, kitchen 
baster or eye dropper 


PROCEDURE 


1.. Place each rnargarine sample in a 
separate glass. Add enough mar- 
garine so that ït is at least o.5 inch 
deep. 


2. Label each glass with the brand ït 
confaïns. 


3... Meltall the samples in the 
microwave oven. (Watch carefully 
because this doesn't take long.) As 
the margarine melts, the water 
and Tipid layers separate. 


4. Note the relative water content of 
the various brands by comparing 
the depths of the water layers. 


5s. Use the eye dropper or kitchen 
baster to pull off only the water 
layer, which will be beneath the 
lipid layer. Cool the lïpid layers ïn 
the refrigerator, and then look for 
differences in consistencies. 


Based on the consistencies you 
noted ïn step 5, which sarmmple do you 
suppose contains the greatest pro- 
portion of saturated fats? 
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'TABLE 13.6 THE ESSENTIAL AMINO ACIDS 


Arginine 
Histidine 
lsoleucine 
Leucine 

Lysine 
Methionine 
Phenylalanine 
Threonine 
Tryptophan 
Valine 


Essential for children 
Essential for adults 


Of the 20 amino acids the human body uses to build proteins, the adult 
body ¡s able to produce 12 of them in amounts sufficient for its needs—it 
produces these amino acids from carbohydrates and fatty acids. The remain- 
¡ng 8, listed ¡in Table 13.6, must be obtained from food. Because the body 
needs these eight amino acids but cannot synthesize them, they are called 
essential 41710 aci5, in the sense that ït 1s essential we get adequate amounts 
of them from our food. To support rapid growth, ¡infants and children 
require, in addition to the eight amino acids listed for adults in Table 13.6, 
large amounts of arginine and histidine, which can be obtained only from 

the diet. Infants and juveniles therefore have a total o£ 10 essential 

amino acids. (The term #ssez/z2/1s unfortunate because, ¡in truth, 


—— all 20 amino acids are vital to our good health.) 
| Meiliaiie Why our bodies produce ample amounts of some amino acids and 
not others can be explained by looking at the 
chemical structures of the amino acid side øroups, 
Vưne shown in Figure 13.16 back on page 445. The 
Threonine nonessential amino acids have side groups that 
Phenylolonine tend to be simple and therefore can be produced by 
LeWETie the body without much effort. The essential amino 
; ` acids, however, tend to be biochemically more dif- 

Corn and o†her grains » / 

=>>7/ 2 fñcult to make. The body therefore can save energy 
=< by obtaining these amino acids from outside 
_ Tế eœ@ sources. C)ver the course of evolution, OUT CapaCIty 
In to build these amino acids diminished. In a similar 
manner, we lost the capacity to build vitamins, 


Beons and ofher legumes which are also complex molecules more efficlently 
|: : obrained through our diet. In other words, we let 
other living organisms go through the metabolic 
expense of building these biomolecules, and then we eat those organisms. 

Sufiiclent protein can generally In general, the more closely the amino acid composition oỂingested protein 
be obtained in a vegetarian diet  resembles the amino acid composition of the animal eating the protein, the 
by .. 3 ve sụch kh higher the nutridonal quality of that protein. For humans, mammalian protein 
Đà ch ni hÔ is of the highest nutritional quality, followed by fish and poultry, then by fruits 

as wheat or corn. Familiar meals in : TAND : š 
IỒ: h Hi Ất: and vegetables. Plant proteins in particular are often defcient in lysine, methio- 

containing such a combination 

include a peanut butter sand- nine, or tryptophan. Â vegetarian điet provides adcquate protein only ¡f it con- 
wich, corn tortillas and refried tains a variety of protein sources, with a defciency in one source being 


beans, and rice and tofu. compensated for by an excess in another source, as shown in Figure 13.45. 


® In Perspective 


he old adage “you are what you eat has a literal founda- 
tiòỏn. With the exception of the oxygen you obrain 
throueh your lungs, nearly every atom or molecule in your body 
got there by Ñrst passing through your mouth and into your 
stomach. All the biomolecules needed for the energy and 
growth of a fetus prowing in the womb, like Maitreya Suchocki 


¡in Figure 13.46, must Írst pass 
through the lungs and mouth of 
her mother, which ¡s why ït Is so 
vital that her mother eat right and 
maintain a healthful lifestyle while 
pregnant. And then, a mere 40 
weeks later, her mothers food has 
been transformed by the actions of 
MaitreyaSs DNA into a whole new 
body ripe for exploring the world 
around her. 


.KEY TERMS 


Carbohydrate A biomolecule that contains only 
carbon, hydrogen, and oxygen atoms and is produced 
by plants through photosynthesis. 


Saccharide Another term for carbohydrate. The 
prefxes 7øø-, đ-, and øøl~ are used before this term 
to indicate the length of the carbohydrate. 


Glycogen A glucose polymer stored in animal tissue 
and also known as animal starch. 


Lipid A broad class ofbiomolecules that are not 
soluble In water. 


Fat A biomolecule that packs a lot of energy per gram 
and consists oFa ølycerol unit attached to three fatty 
acid molecules. 


Protein A polymer ofamino acids, also known as a 
polypeptide. 

Amino acid The monomers of polypeptides, each 
monomer consisting ofan amine group and a carboxylic 
acid group bonded to the same carbon atom. 


Enzymes A protein that catalyzes biochemical reactlons. 


Nucleotide A nucleic acid monomer consisting of 
three parts: a nitroøeenous base, a ribose sugar, and an 
Ionic phosphate øroup. 
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(a) ——————— 
_FIGURE 13.46 

(a) As a fetus, Maitreya is under- 
going the most rapid growth rate 
of her life, and thus her depend- 
ence on a healthful diet is as great 
as it will ever be. (b) As a baby, 
Maitreyas nutritional needs are 
sulÏ great, as is her ability to imi- 
tate her mother during a copy- 
edit session. 


Nucleic acid A long polymeric chain of nucleotide 
monomers. 


Deoxyribonucleic acid A nucleic acid containing a 
deoxygenated ribose sugar, having a double helical 
structure, and carrying genetic code ¡n the nucleotide 
sequencc. 


Ribonucleic acid A nucleic acid containing a fully 
oxygenated ribose sugar. 


Chromosomes An elongated bundle oFDNA and 
protein that appears in a celÏs nucleus just prior to cell 
division. 

Replication The process by which DNA strands are 
duplicated. 


Gene A nucleotide sequence in the DNA strand in a 
chromosome that leads a celÏ to manufacture a 
particular polypeptide. 


Transcription The process whereby the genetic 
information of DNA ¡s used to specify the nucleotide 
sequence ofa complementary single strand of 
messenger RNA. 


Translation The process of bringing amino acids 
together according to the codon sequence on mRÌNA. 
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Recombinant DNA A hybrid DNA composed of 
DNA strands from different organisms. 


Gene cloning “The technique of Incorporating a gene 
from one organism ¡into the DNA ofanother organism. 


Vitamin rganic chemicals that assist in various 
biochemical reactions in the body and can be obtained 
only from food. 


Mineral Inorganic chemicals that play a wide varlety 
of roles in the body. 


| CHAPTER HIGHLIGHTS 


BIOMOLECULES ARE PRODUCED AND UTILIZED 
IN CELLS 


1. Do plant cells have a plasma membrane? 

2. What are the four major categories of biomolecules 
discussed in this chapter? 

CARBOHYDRATES GIVE STRUCTURE 

AND ENERGY 

3. Are all carbohydrates digestible by humans? 


á. How does the chemical structure of the monosaccha- 
ride glucose differ from that of the monosaccharide 
fructose? 


5, Why do plants produce starch? 


6. Which monosaccharide do starches and cellulose 
have in common? 


7. What is the most abundant organic compound on 
Earth? 

LIPIDS ARE INSOLUBLE IN WATER 

8. What are the structural components ofa triglyceride? 
9, What makes a saturated fat saturated? 


10. What do all steroids have In common? 


PROTEINS ARE POLYMERS OF AMINO ACIDS 
11. What are the building blocks oFa protein molecule? 


12. How do various amino acids differ from one 
another? 


13. What do a peptide, polypeptide, and protein all 


have in common? 
14. What does disulfide cross-linking do for a protein? 
15. What ¡s the role ofenzymes in the body? 


16. What holds a substrate to its receptor site? 


Metabolism The general term describing all chemical 
reactions In the body. 


Catabolism C?hemical reactions that break down 
biomolecules in the body. 


Anabolism Chemical reactions that synthesize 
biomolecules in the body. 


NUCLEIC ACIDS CODE FOR PROTEINS 


17. What ¡s the difference between a nucleic acid and a 
nucleotide? 


18. Where ¡n the cell are ribonucleic acids found? 


19. Where ¡in the cell are deoxyribonucleic acids 
found? 


20. Which four nitrogenous bases are found in DNA? 
In RNA? 


21. Are codons found in DNA or in RNA? 
22. On what form of RNA are anticodons found? 


VITAMINS ARE ORGANIC, MINERALS 
ARE INORGANIC 


23. What are two classes of vitamins? 


24. Why ¡is it often more healthful to eat vegetables that 
have been steamed rather than boiled? 


METABOLISM IS THE CYCLING 
OF BIOMOLECULES THROUGH THE BODY 


25. What is the general outcome of catabolism? 


26. What ¡s the general outcome ofanabolism? 


THE FOOD PYRAMID SUMMARIZES 
A HEALTHFUL DIET 


27. Which type ofbiomolecule does the food pyramid 
recommend we eat the most of? 


28. Are all dietary ñbers made of cellulose? 


29. Which type of lipoproteins has a greater associa- 
tion with the formation of plaque on artery wall: LDLs 
or HDLs? 


30. Why doesnt the human body synthesize the essen- 


tial amino acids? 


CONCEPT BUILDING 415 
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31. 8 Does a carbohydrate contain water? 


32. #4 What is another biological use for carbohydrates 
besides energy? 


33. In what ways are cellulose and starch similar to cach 
other? In what ways are they different from each other? 


34. 4 Why does starch begin to taste sweet after It has 
been in your mouth for a few minutes? 


35. ® How does amylose differ from amyÌopectin? 
36. hy are lipids insoluble in water? 


37. hy ¡is it important to have cholesterol In your 
body? 


38. #4 Could a food product containing gÌycerol and 
fatty acids but no triglycerides be advertised as being fat- 
free? If so, how mighrt such advertising be misleading? 


39. Ef Silk is more waterproof than cotton. Ñhy? 


40. #' You are a beautician about to apply a reducing 
apent to a customer with fne hair who wants to have 
his hair curly. Should the reducing agent be regular 
strength, concentrated, or diluted? 


41. Why is a permanent wave not really permanent? 


42. ® Why cant your body produce proteins from car- 
bohydrates and fats alone? 


43. ® When an unknown peptide containing fve 
amino acids is treated with an enzyme that hydrolyzes 
only the serine-leucine peptide bond, the fragments 
Leu -Cys, Ser, Leu—Ser are formed. Ñhat was the orig- 
inal amino acid sequence in the peptide? 


44. # Identify the molecular attractions occurring in 
thís large protein at the locatlons a, b, and c: 


Distinguish among the primary, secondary, and tertlary 
Structures of this protein. 


45. 8 Why do changes in pH interfere with the func- 
tion of proteins? For your answer, consider the acid- 
base character of many amino acid side chains. 


46. ® Nhat are the two most common secondary 
structures ¡n a protein? The two most common tertiary 
structures? 


47. ® Name the four structural levels possible in a pro- 
tein, and describe the details of each. 


48. ® Nhat ¡s the difference between transcription and 
translation? 


49. ® Which amino acid is coded for by the 
nitrogenous-base sequence AGG? 


50. ® Nhat is a restriction enzyme, and what does it do? 


51. ® What is a sticky end in a DNA fragment, and 
how are sticky ends useful in the formation of recombi- 
nant DNA? 


52. # List codon, gene, nucleic acid, and nucleotide in 
order ofincreasing size. 


53. # A common source oF DNA damagc ¡s the sponta- 
neous Ìoss of the amine group on cytosine and the for- 
mation ofan amide. This occurs at a rate oFabout 100 
times a day. Fortunately, the body produces enzymes 
able to detect and repair such degraded cytosines. Given 
this information, sugøest why DNA difers from RNA 


in possessing the nucleotide thymine rather than uracil. 


54. ® Which amino acid does the DNA sequence ATG 


code for? 


55. @® Why ¡s the number ofadenines in a DNA mole- 


cule always the same as the number ofthymines? 


56. # WVhat polypeptide ¡s coded for by themRNA 
sequence AUGGACŒ€©AGCGUGAUGUA? 


57. & What polypeptide would be coded for by the 
mRNA sequencc in exercise 56 1ƒ the second G from 
the left were somehow deleted? Ñhat problems might 
this change cause in a gene? 


58. # Why docs mRNA not remain associated with 
DNA after being generated through transcription? 


59. 6 How many symmetrical sequences can you find 


in the following DNA segment? 


GTIAGTTAAC CGGAAG 


cArTCAXfT6SG 6 Wẽĩrc 
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60.  Both water-soluble and water-insoluble vitamins 
can be toxic in large quantities. Qur bodies are much 
morc tolerant of the water-soluble ones, however. hy? 


61.8 The dietary minerals must be in ionic form in 


order for the body to make use of them. hy? 


62. ® A friend ofyours loads up on vitamin C once a 
week instead of spacing ït out over time. She argues the 
convenience of not having to take pills every day. What 
advice do you have for her? 


63. ® Which statement ¡s more accurate? 


a. Vitamins are needed by the body to avoid vitamin- 
deficiency diseases, such as scurvy. 

b. Vitamins are needed by the body so that many of 
its catabolic and anabolic reactions can proceed 


eficiently. 


64.  Suggest why the glycemic index for sucrose is 
only about 64 percent that of glucose. 


65. $ Sugeest why starch takes longer to break down 
to glucose In the intestine than does sucrosc. 


'DISCUSSION QUESTIONS 
| 


Z1. Some diets, most notably the Atkins diet, calÏ for 
large amounts oŸ protein and fat and smalÏ amounts of 
carbohydrate. One of the claims of such diets is that for 
the same number of calories, a meal high ín protein and 
fat leaves a person with less ofan urge to eat later on. 
One of the arguments against such diets is that they are 
hard on the kidneys and liver and that they fail to 
emphasize the importance of regular exercise. What are 
your thoughts on effective dieting? 


72. Some athletes continue to use anabolic steroids 
despite the negative side effects of these drugs. What 
legal consequences, ifany, should such an athlete face? 
Should these steroids be banned? Should ¡t be illegal for 
physicians to prescribe them for athletic use? Ïs ¡it the 
right of the individual to make the decision of what goes 
into his or her own body? 


73. The Human Genome Project is being conducted 

by both private proups and government agenclIes. This 
raises the issue of who should proft from the informa- 
tion gathered and to what degree. What do you think? 


66. ® Is it possible to cat a food low on the glycemic 
Index and stil experience a signiiicant increase in blood 
glucose? 


67.  Mammals cannot produce polyunsaturated fatty 
acids. How is ¡t then that the lard obtained from beef 
fat contains up to 10 percent polyunsaturated fatty 
acIds? 


68. 8. Peanut butter has more protein per gram than a 
hard-boiled egg, and yet the egg represents a better 
source of protein. hy? 


69. ® The human body stores excess gÌucose as ølyco- 
gen and excess fat as fatty tissue that can accumulate 
beneath the skin. How does the body store any excess 
amino acids? 


70. ® Cold cereal ¡s often fortiied with all sorts of 
vitamins and minerals but ¡s deficient in the amino acid 
lysine. How mipht this defiiciency be compensated for 
in a breakfast meal? 


Tế Đệ ựP ị 
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Should all the information gathered be in the public 
domain so that anyone has the right to capitalize on 
this information? Alternatively, should some of the 
information be owned privately so that it can be sold to 
heÏp recover expenses and/or to make a profÑt? 


74. Are we simply products of DNA or is there more to 
what makes us each unique individuals? hat ¡s the 
nature of consciousness? WƑhy do we even have con- 
sciousness? Do two clones share the same consciousness? 


75. Rather than cloning a whole individual, it may one 
day be possible to clone specific organs ofan individ- 
ual. For example, you could have a new heart cloned 
from yourself for yourself1f your old heart were ¡n need 
of replacement. How soon do you think this clone 
replacemenr therapy might be available? What sorts of 
ethical and social issues might arise around such tech- 
nology? What Ifyou were in need ofa new brain? 
Mipht you retain the same consciousness if rather than 
replacing your brain alÏ at once, you had ¡t replaced lit- 
tÌe bits at a time? 


§PIT IN BLUE 


The amylose-iodine complex is 
shown here. Amylase, an enzyme 
in your saliva, broke down the 
amylose In the solution you spIt 
into, meaning there Is less starch 
present to rcact with the iodine 
and consequently a lighter blue 
solution. 

The reason you had to wait a few 
minutes before adding the iodine 
has to do with how the amylase 
atracks cach starch molecule. The 
enzyme does not attack in the mid- 
dle ofFan amylose strand so that the 
strand ¡s broken first in haÌ£ then in 
quarters, and so on. Instead, the 
amylase attacks only at the two ends 
of each strand, cleaving onÌy one 
ølucose unit at a time from each 
end and so destroying the starch 
molecule only very sÌowly. 

Here are some questions relating to this activity. 
Enzymes such as amylase are destroyed by heat——how 
could you confrm this experimenrtally? Ifyou boil one 
starch solution for only a few minutes and a second 
starch solution for an excessively long time, which will 
be lipht blue and which will be dark blue when you add 
iodine? Many instant Cream of Wheat cereals contain 
papain, an enzyme related to amylase. Can It be said 
that these instant cereals are being digested øzƒøze reach- 
¡ng your mouth? 


SIZZLE SOURCES 


With the chilled lipid layers, you can assume that, In 
general, the more solid the sample, the higher its pro- 
portion of saturated fats. 

As you should have discovered from this activity, the 
“light” brands ofspread contain fewer calories simply 
because they contain a greater proportion OÊ water. 
Rather than water, some brands whip air into the 
spread. Either way, the net result is fewer lipid mole- 
cules per serving, which for saturated fats Is not too bad 


a deal. Note that many of the “light” brands are labeled 
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EXPLORING FURTHER 4T1 


*for spread purposes only, not for cooking.” Why do 
you suppose this is so? 


¡EXPLORING FURTHER 


www.ornl.eov/TechResources/Human_ Genomeí 
home.html 


M S7 for the Khuman Genorme Project, 10bícb began /¡ 1990 
tuith the goal 0ƒ identif)ing All the genet in buman DÌNA. 


Follaau tbe linh to “ÁMÂedicine” [Dr a dlelailedl oUerU7ei0 öƑ` 
10p/cS such /1§ gen t£rripb)i 


wwwW.aspt.Org/ 


M772: 7 0e bozne page [or the Âwcricaø Socief) 0ƒ Œene 
12erapy. Follou the link to “Gene Tberapy ?n the Neus” for 
tbc latest 1n[0r.ation 0? gểne tĐ€f4/J. 


http://vm.cfsan.fda.gov/list.html 


MS for the Foodland Drug Administration Center [or 
Tood Safety and Applied Nuirition. Here Jou tơill ƒind 
mks to tbe FDA$ stance 0n sucJ top7cš đš đliet4rÿ sĐÍ€- 
;menls, [oodl labcling, anl úụH/tì00. 


www.fda.gov/fdac/features/2003/503_ fats.html 


M772: 7 0e 1ucb page for an article publisbed by the U.S. 
Tooả and Drug AdhministraHon explaining tbe nature 0ƒ` 
trams ƒAts and tuhy their intake sboulzl be 211 2zel, 


www.dietitian.com 


tt 72e qest/on-anal-ansuer site 0ƒ)Joanne Lansen, a réebufable 
exbert 1í the [ieldi 0ƒ dietetlcs. Peruse bet tuell-ƒormedl 
anstuers, and you ÏÏ fndl ariple se 0 the an) terS andl 
concebfs introduced in tbis capfei: 


www.healthcentral.com (keyword search: high 
protein diet) 


8l Le 22s se to explore tbe iqsues regarvling bi@-p†ofe/1, 
lou-carbohydte dl/cf3. 
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Drugs Are Classified by Safety, 
Social Acceptability, Origin, 
and Biological Activity 


The Lock-and-Key Model 
Guides Chemists in 
Synthesizing New Drugs 


Chemotherapy Cures the Host 
by Killing the Disease 


Some Drugs Either Block or 
Mimic Pregnancy 


The Nervous System ls a 
Network of Neurons 


Psychoactive Drugs Alter the 
Mind or Behavior 


Pain Relievers Inhibit the 
Transmission or Perception 
of Pain 


Drugs for the Heart Open 
Blood Vessels or Alter Heart 
Rate 


UNDERSTANDING DRUG 
ACTION 


Archaeological evidence shows that early civilizations were 
keenly aware of the mmedicinal properties of certain plants. In 
A.D. 78, for example, the CGreek physician Dioscorides wrote 
Mlateria Mledica, a treatise in which he described about 6oo 
plants known to have medicinal properties. Included in this 
list was the opium poppy, shown ïn this chapter's opening 
photograph. Incisions in the seed capsules of this plant yield 
a milky sap. When aïr-dried and kneaded, the sap forms a soft 
material known as opïum, which contains opioids, a class of 
alkaloids known for their pain-killing and tranquilizing 
effects. Ihe molecule shown 1s morphine, one of the more 
abundant and potent opioids. 

With the development of chemistry in the early 18oOs carmne 
the understanding that natural products owe their medicinal 
properties to certain substances they contain. In 18o6, for 
example, morphine was isolated from opium,and in 182o qui- 
nỉne, a drug useful in fighting malaria, was ïsolated from the 
bark of the cinchona tree. Soon, compounds produced ïn the 
laboratory were also found to have medicinal properties. In 
the 184os, for example, anesthetic activity was found ïn the 
synthetic chemicals chloroform, nitrous oxide, and ethyl ether, 
making païnless surgery and dentistry possible. 

In the 186os, Louis Pasteur (1822-1895) confirmed the germ 
theory of disease with his discovery of bacteria. This led to 
the discovery of the antiseptic properties of phenol and 
related compounds, which, as discussed in Chapter 12, could 
be used to prevent bacterial infection. The first major 
advance toward curing bacterial diseases was not made 
until the 193os, however,when sulfur-containing compounds 
known as sulfa drugs were developed. Next came penicillin, 
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an antibiotic derived from extracts of the mold Penicilium notatum. Sub- 
sequent research has led to an ever-expanding array of drugs——both nat- 
ural and synthetic. Ioday, there are more than 2s,ooo prescription drugs 
and 3oo,ooo nonprescription drugs available in the United States. 

This chapter describes the major categories of drugs and the methods 
used ïn developing new drugs. lt also addresses some of the social issues 


arising from our reliance on these chemicals. 


® 14.1 Drugs Are Classified by Safety, Social 
Acceptability, Origin, and Biological Activity 


oosely defined, a z#ø is any substance other than food or water that affects 
how the body functlons. A drug having therapeutic properties is also 
referred to as a 7e/e/z. Drugs, some legal and others illegal, are also used for 
nonmedical purposes. Legal nonmedical drugs include alcohol, caffeine, and 
nicotine. Illegal nonmedical drugs include heroin and cocaine. 

There are a variety of ways to classify drugs. As Table 14.1 shows, the U.S. 
Bocteriol infecfions, no† cancer or heor† Drug Enforcement Agency (DEA) classifñies them according to safety and social 
G†PAEESiNehe: TH€ |EBdWigi'couse: Gf deoTh acceptability. Drugs found to be safest are designated over-the-counter (OTC) 
in the United S†afes prior †o †he ẫ š `. N 
đocoweny lớf onltidofis +: te 30% drugs, which means they may be bought without a prescription. Prescription 

drugs are those that should be taken only under the supervision ofa physician 
because of their strong potency or their potential for misuse or abuse. The DEA 
further classifies drugs according to abuse potential, using the se0ezll2 sys/£zn 
shown in Table 14. I. 

Drugs may also be classiied according to origin, as is done in Table 14.2. 
Drugs that are natural products come directly from terrestrial or marine plants 
or animals. Drugs that are chemical derivatives are natural products that have 
been chemically modified to increase potency or decrease side effects. Synthetic 
drugs are those that originate in the laboratory. 

Perhaps the most common way to classify drugs is according to their pri- 
mary biological effect, which ¡s how they are presented ¡in this chapter. Ït 
must be noted, however, that most drugs exhibit a broad spectrum of activity 
and therefore may fall under several classiications. Aspirin, for example, 


14.1 U.5. DRUG ENFORCEMENT AGENCY CLASSIFICATION OF DRUGS 


Classification Description Examples 
Over-the-counter (OTC) drugs Available to anyone Aspirin, cough mnedicines 
Permitted nonmedical drugs Available in food, beverages, and tobacco Alcohol, caffeine, nicotine 
products 
Prescription drugs Require physician authorization Antibiotics, birth control pills 
Controlled substances 
Schedule 1 No mnedical use, high abuse potential Heroin, LSD, mescaline, marijuana 
Schedule 2 Some rnedical use, high abuse potential Amphetamines, cocaine, morphine, codeine 


Schedule 3 Prescription drugs, abuse potential Barbiturates, tranquilizers 


14.1 


TABLE 14.2 THE ORIGIN OF SOME COMMON DRUGS 


DREUGS ARE CLASSIFLIED BY SAFETY, SOCIAL ACCEPTABILITY, ORIGIN, AND BIOLOGICAL ACTIVITY 


Origin Drug Biological Effect 

Natural product Caffeine Nerve stimulant 
Reserpine Hypertension reducer 
Vincristine Anticancer agent 
Penicillin Antibiotic 
Morphine Analgesic 

Chemical derivative Prednisone Antirheumatic 

of natural product Ampicillin Antibiotic 
LSD Hallucinogenic 


Chloroquinine 
Ethynodiol diacetate 


Antimalarial 
Contraceptive 


Synthetic Valium Antidepressant 
Benadryl Antihistamine 
ATlobarbital Sedative—hypnotic 
Phencyclidine Veterinary anesthetic 
Methadone Analgesic 


relieves pain, but it also reduces fever and inlammation, thins the blood, 
causes ringing in the ears, and may lead to Reyes syndrome ¡in children. 
Morphine relieves pain, but ít also constipates and suppresses the urge to 
cough. 

At tỉmes, the multiple effects ofa drug are desirable. Aspirins pain-reducing 
and fever-reducing properties work welÏ together in treating Ñu symptoms in 
adults, for instance, and its blood-thinning ability ¡s useful in the prevention of 
heart disease. Morphine was widely used during the American Civil War both 
for relieving the pain ofbattle wounds and for controlling diarrhea. Often, how- 
ever, the side effects ofa drug are less desirable. Ringing ¡in the ears, ReyeS syn- 
drome, and upset stomach are a few of the negative side effects of aspirin, and a 
major side effect of morphine is its addictiveness. A main goal of drug research, 
therefore, is to ñind drugs that are specifc in their action and have minimal side 
effects. 

Although two drugs being taken together may have different primary 
activitles, they may share a common secondary activity that can be ampliRed 
when the two drugs are taken together. Qne drug enhancing the action of 
another ¡s called the synergistic effect, and a synergistic effect ¡s often more 
powerful than the sum of the activities of the two drugs taken separatcly. 
One of the great challenges of physicians and pharmacists is keeping track of 
all the possible combinations of drugs and potential synergistic effects. The 
synergism that results from mixing drugs that have the same primary effect is 
particularly hazardous. For example, a moderate dose ofa sedative combined 
with a moderate amount of alcohol may be lethal. In fact, most drug over- 
doses are the result ofa combination o£ drugs rather than the abuse of a sin- 


gle drug. 


cK 


Distinguish between a drug and a medicine. 


Was thỉs your answer? A drug is any substance administered to affect body 
function. A medicine is any drug administered for ïts therapeutic effect. All 
mmedicines are drugs, but not all drugs are rmedicines. 
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T-shaped three- 


® 14.2 The Lock-and-Key Model Guides Chemists 
in Synthesizing New Drugs 


| o ñnd new and more effective medicines, chemists use various models that 
describe how drugs work. By far, one of the most useful models of drug 
action is the lock-and-key model. The basis of this model is the connection 
between a drugs chemical structure and its biological effect. For example, mor- 
phine and alÏ related pain-relieving opioids, such as codeine and heroin, have 
the T-shaped structure shown ¡in Figure 14. l. 

According to the lock-and-key model, illustrated in Figure 14.2, biologically 
active molecules function by ftting into zcđ/ør s//£s on proteins in the body, 
where they are held by molecular attractions, such as hydrogen bonding. When 
a drug molecule fits Into a receptor site the way a key fts into a lock, a particular 
biological event is triggered, such as a nerve impulse, a change in the shape ofa 
protein, or even a chemical reaction. In order to Ít into a particular receptor 
site, however, a molecule must have the proper shape, just as a key must have 
properly shaped notches in order to ft a lock. 

Another facet of this model ¡s that the molecular attracuons holding a drug to 
a receptor site are easily broken. (Recall from Chapter 7 that most molecular 
attractions are many times weaker than chemical bonds.) A drug ¡s therefore 
held to a receptor site only temporarily. Once the drug ¡is removed from the 
receptor site, body metabolism destroys the drugs chemical structure and the 
effects of the drug are said to have worn off. Using this model, we can under- 
stand why some drugs are more potent than others. Heroin, for example, is a 
more potent pain killer than ¡is morphine because the chemical structure of 
heroin allows for tighter and longer binding to its receptor sit€s. 

The lock-and-key model has developed into one of the central tenets of phar- 
maceutical study. Knowing the precise shape of a target receptor site allows 


HC” = O—H 


dimensional structure 


found in all opioids 
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FIGURE 14.1 


All drugs that act like morphine have the same basic three-dimensional shape as 
morphine. 
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Drug molecule 
(morphine) 


chemists to design molecules that have an optimum ft and a specific biological 
effect. Biochemical systems are so complex, however, that our knowledge ¡s still 
limited, as is our capacity to design effective medicinal drugs. For this reason, 
most new medicinal drugs are still discovered instead of designed. One impor- 
tant avenue for drug discovery is ethnobotany. An £/72ø#27/sf 1s a researcher 
who learns about the medicinal plants used in indigenous cultures, such as the 
root of the Bobgunnua tree, shown In Eigure 14.3. Ioday there are hundreds of 
clinically useful prescription drugs derived from plants. About three-quarters of 
these came to the attention of the pharmaceutical industry as a result oftheir use 
in folk medicine. 

Another important method of drug discovery is the random screening of vast 
numbers of compounds. Each year, for example, the National Cancer Institute 
screens some 20,000 compounds for anticancer activity. Ône successful hit was 
the compound Taxol, shown ¡in FEigure 14.4. This compound has signiicant 
activity against several forms of cancer, especially ovarian canccr. 

A drug isolated from a natural source is not necessarily better or more benign 
than one produced ¡in the laboratory. Aspirin, for example, ¡sa human-made 
chemical derivative, and ït is certainly more benign than cocaine, which ¡is 
100 percent natural. The main advantage of natural products is their great 
Z/uers/ry. Each year, more than 3000 new chemical compounds are discovered 
from plants. Many of these compounds are biologicalÏy active, serving the plant 
as a chemical defense against disease or predators. Nicotine, for example, is a 
naturally occurring insecticide produced by the tobacco plant to protect itself 
from Insects. 


—FIG 


Many drugs act by fitting into 
receptor sites on molecules found 


_in the body, much as a key fts 


into a lock. 
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z Since 1999, the Bïll and Melinda 


Gates Foundation has granted 
over $5 billion to global health 
plans. This includes the 
$750,OOO,OOO Vaccine Fund to 
support the ïmmunization of 
children ïn 74 countries through 
the purchase of new vaccines. A 
$42 million Gates Foundation 
grant was also used to help sup- 
port the Institute for OneWorld 
Health, the first nonprofit phar- 
maceutical company in the 
United States. The mission of 
OneWorld Health is to develop 
safe, effective, and affordable 
new medicines for people with 
infectious điseases ïn the devel- 
oping world. Despite the Gates” 
admirable contributions, less 
than 2 percent of all health care 
donations originate from private 
corporations. Seeking to change 
that are programs such as Ameri- 
can Express® Red. 


MORE TO EXPLORE: 


Www.gatesfoundation.org 
Wwww.oneworldhealth.org 


URE 14.5 


Ethnobotanists directed natural-products 
- chemists to the yellow coating on the 
root ofthe African Bobgunnua tree. 


Indigenous people have known for many 
generatlons that this coating has medici- 
na properties. From extracts of the coat- 
ing, the chemists isolated a compound 
that is highly effective in treating fungal 
infections. This compound, produced by 
the tree to protect itself from root rot, 
shows much promise In the treatment of 
the opportunistic fungal infections that 
plague those suffering from AIDS. 
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FIGURE 14.4 


Originally isolated from the bark 
of the Pacific yew tree, Taxol is a 
complex natural product useful 
in the treatment of various forms 
Of cancer. 


FIGURE 14.5 


(a) Eight hypothetical starting 
materials A throuph D and 1 
through 4 can be combined in 
various ways to yield 16 prod- 
ucts, each of which may have 
some biological activity not 
found in any of the starting 
materials. (b) A multitude of 
Products are thus immediately 
available to be screened for 
medicinal activity. 


Taxol 


It has been estimated that only 5000 plant species have been studied exhaus- 
tively for possible medical applicatons. This is a minor fraction of the estimated 
250,000 to 300,000 plant species on our planet, most of which are located ¡n 
tropical rainforests. That we know little or nothing about much ofthe plant king- 
dom has raised justiied and well-publicized concern, for as these forests are being 
destroyed, also being destroyed are species that might yield useful medicines. 

A recent laboratory approach intended to mimic natures chemical diversity ïs 
known as combinatorial chemistry, which ¡is a method of generating a large 
“library” of related compounds. Combinatorial chemistry takes advantage of the 
many different ways in which a series of chemicals may be combined. Microquan- 
ties OÊ reagents are combined in a grid so as to maximize the number of possible 
products, as ¡s iÌlustrated in Figure 14.5a. The result is a great number of closely 
related compounds that can be screened for biological activity. The most active 
derivatives are analyzed for chemical structure and then synthesized on a larger 
scale for further testing or clinical trials. A typical array ¡s shown in Figure 14.5b. 


Tỉny well or test tube 
in which reagents 
B and 4are mixed. 


1 2 3 4 
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Why are organic chemiicals so suitable for making drugs? 


Was thỉs your answer? Because their vast diversity permits the manufac- 
ture of the many đifferent types of medicines needed to combat the many 
đifferent types of ïllnesses humans are subject to. 


“ 14.3 _Chemotherapy Cures the Host by Killing 
the Disease 


| he use of drugs that destroy disease-causing agents without destroying the 
animal host is known as chemotherapy. This approach ¡s effective in the 
treatment of many diseases, including bacterial infections, viral infections, and 


cancer. Ít works by taking advantage of the ways a disease-causing agent, also 
known as a 24/øgeø, is different from a host. 


SULFA DRUGS AND ANTIBIOTICS TREAT BACTERIAL INFECTIONS 


Slƒ2 drøs are synthetic drugs that were first used to treat bacterial infections in 
the 1930s. They work by taking advantage of a striking difference between 
humans and bacteria—even though both must have the nutrient folic acid in 
order to remain healthy, we humans can absorb folic acid from what we eat, but 
bacteria cannot. Instead, bacteria must make their own supply offolic acid. For 
this, they possess enzymes that help make folic acid from a simpler molecule 
found in all bacteria, ø2z-aminobenzoic acid (PABA). The PABA attaches to its 
specIlc receptor site on the bacterial enzyme and Is converted to folic acid, as 
shown in Eigure lá.6. 

Sulfa drugs have a close structural resemblance to PABA. When taken by a 
person suffering from a bacterial infection, a sulfa drug ¡s transformed by the 
body to the compound s27/zz⁄⁄/e, which attaches to the bacterial receptor 
sites designed for PABA, as shown in Eigure 14.7, thereby preventing the syn- 
thesis of folic acid. Without folic acid, the bacteria soon die. The patlent, how- 
ever, because he or she receives folic acid from the diet, lives on. 

44zz/07ø/7cs are chemicals that prevent the growth of bacteria. They are pro- 
duced by such microorganisms as molds, other fungi, and even bacteria. The Ñrst 


antibiotic discovered was penicillin. Many derivatives of penicillin, such as the Bacterialenzymes use 2Zzz- 
aminobenzoïc acid (PABA) to 
synthesize folic acid. 


FIGURE 14.6 


Several steps 


TL 
"` 
IY T§ cS1: Ị LàNG OH 


Folic acid 


Bacterial enzyme 


486 CHAPTER 14_ THE CHEMISTRY OF DRUGS 


FIGURE 14.7 


-_ In the body all sulfa drugs are 

- metabolized to sulfanilamide, 

_ which binds to the bacterial 
enzymes and keeps them from 
doing their Job. 


FIGURE 14.8 


- Penicillins, such as peni- 

- cillin G and cephalosporins, 
such as cephalexin, as welÏ as 
most other antibiotics, are 
produced by microorganisms 
that can be mass-produced in 
large vats. The antibiotics are 
then harvested and purifed. 


No folic acid; 
bacteria die 


Bacterial enzyme 


penicillin G shown ¡n Eigure 14.8, have since been isolated from microorganisms 
as well as prepared ¡n the laboratory. Penicillins and the closely related com- 
pounds known as cephalosporins, also shown in Figure 14.8, kill bacteria by Inac- 
tivating an enzyme responsible for strengthening the bacterial cell wall. Ñithout 
this enzyme, bacterial cell walls grow weak and the cells eventually burst. 


cK 


How ïs sulfanilamide poisonous to bacteria but not to humans? 


Was thỉs your answer? Sulfanilamide is poisonous to bacteria because it 
prevents them from synthesizing the folic acid they need to survive. 
Humans utilize folic acid from their điet, and so they are not bothered by 
sulfanilamide's ability to disrupt the synthesis of folic acid. 


Penicillin G Cephalexin 
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CHEMOTHERAPY CAN INHIBIT THE ABILITY OF VIRUSES TO REPLICATE 


So far, chemotherapy has been more successful in treating bacterial infections than 
in treating viral infections. Perhaps the greatest obstacÌe to effective viral treatment 
lies In the nature ofviruses. hen not attached to a host, a virus is an Inert, lifelcss 
bundle ofbiomolecules—and ¡tš difficult to kilÍ something that§ not alivel A typ- 
ical virus, shown ¡in Eigure 14.9, consists of onÏy one or several strands of either 
RNA or DNA encapsulated by a protein coat. Some viruses infect by attaching to 
a ccll and then injecting their genetic contents into the celÏ. Cnce inside the cell, 
the virus§s genetic information is incorporated into the host DA and replicated 
by the host cell. Eventually, the cell bursts because ¡t is overstuffed with a multi- 
tude of viral replicates, which then spread to infect other host cells. 

The most common antiviral drugs are derivatives oÊ øc/zøs7/zs, which are 
similar to nucleotides (Section 13.5) but do not have a phosphate group. Nucle- 
osides roam freely ¡n all cells and are used by the cells to create RNA or DNA. 
Before being used, however, the nucleosides must frst be primed with three 
phosphate groups, as shown in Figure 14.10. Various synthetic derivatives of 
nucleosides are readily primed by virus-infected cells but not by uninfected cells. 
Two synthetic nucleoside derivatives, both shown in Eigure lá. 1 1, are acyclovir, 
sold under the trade name Zovirax, and zidovudine, sold under the trade name 
AZT. Once incorporated in the RNA or DNA o£a virus-infected host celÏ, 
these nucleoside derivatives disrupt protein synthesis, and the infected cell dies 
before replicating the virus. Proliferation of the virus, though not halted, ¡is thus 
broughrt under control. 

Acyclovir is useful in the treatment of herpes. Oral herpes ¡s caused by the 
herpes simplex virus 1 (HSV-1), and genital herpes ¡is caused by the herpes sim- 
plex virus 2 (HSV-2). More than 90 percent of the world population is 
infected with the oral herpes virus, thouph there are many infected people who 
do not exhibit symptoms. Genital herpes ¡is the most prevalent noncurable sex- 
ually transmitted disease. In the United States, there are about 30 million peo- 
ple infected with HSV-2 and an estimated 200,000 to 500,000 new cases cach 
year. 

Zidovudine ïs used to suppress the replication o£ the human immunodefi- 
ciency virus (HIV), which ¡is responsible for aquired immune defciency syn- 
drome, ATDS (Figure 14.12). According to the World Health Organization, by 
the beginning o£ 2005 about 40 million people were infected with HIV and 
about 20 million people around the world had already lost their lives to AIDS. 


FIGURE 14.10 


Before a nucleoside, such as guanosine, can be incorporated into RNA or DNA, ít 
must be activated by having three phosphate groups attached to it. 


Guanosine 
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Nucleic acids 


FIGURE 14.9 


Viruses are much smaller than 
bacteria and many times smaller 
than animal cells. (Notice the 
small dot representing the virus.) 
The smallest ofall pathogens, 
Viruses consist mostÌy of nucleic 
acids enclosed in a protein coat. 


‡ì 


= An unusual feature of the herpes 
viruses is their preference for 
nerve cells. Stress to the nervous 
system, such as emotional stress 
or sunburn, can cause the virus to 
replicate, which leads to an out- 
break through the skin.When 
they are not replicating, these 
Viruses remaïn ïn nerve celÌs 
where they are not detected by 
the body s immune system, which 
has little activity ïn nerve cel]s. 
While remaining dormantin the 
nervous system, the viruses evade 
not only the immune system but 
antiviral drugs as well. 

MORE TO EXPLORE: 

The National Herpes Resource 
Center 
www.ashastd.org/hrc 
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FIGURE 14.11 


Nucleoside Nucleoside derivative 
Acyclovir (Zovirax) is a derIvative @ lÔ) 
of the nucleoside deoxyguano- | H H 
sine, and zidovudine (AZT) ¡sa N NN Z NÑ N d2” 
đerivative of the nucleoside “§ | rh ớứ | SỈ 
deoxythymidine. HO N TỦ c. HO N Nó mi 
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Acyclovir 
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HIV research has led to a new class of antiviral agents known as /Ø72/¿Zsẽ 
7nb/b/tors. The life cycle of many viruses, including HIV, depends on the actlons of 
enzymes known as proteases, which break down proteins. Â protease, for example, 
might be used by a virus to penetrate the proteins on the celÏ membrane ofa host 
cell or to break down the hosts polypeptides to create a suppÌy ofFamino acids nec- 
essary for viral replication. IDrugs that block the action of proteases control viral 
proliferation. An example ofan effective protease inhibitor is nelfinavir, sold under 
the trade name Viracept and shown in Figure 14. I3. Patients receiving a “cocktail” 
ofa protease inhibitor and nucleoside antiviral agents may have their HIV count 
broughr below detectable levels. Thouph ït is unlikely that this reeimen can totally 
eliminate HIV from the body, the hiphly reduced viral counts tend to significantly 

FIGURE 14.12 delay the onset of AIDS and reducce the patientS infectiousness to others. 


(a) The small preen bodies 
covering this white blood cell 
are human immunodeficiency 
viruses. (b) The anatomy of 
HIV. After the initial infec- 
tion, the infected persots 
immune response eliminates 
most of the virus. Some of the 
virus, however, remains dor- 
mant in infected cells and 
evades the Immune response. 
Over a period ofyears, HIV 
reactivates Itself, the Immune 
system collapses, and the per- 
son succumbs to ODpOrtun1s- 
tic diseases, such as cancer or (a) (b) 
pneumonia. 
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HO 


Nelfinavir (Viracept) 
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A virus ïs so much simpler than a bacterium. Why then are viruses so much 
more difficult to target with chemotherapeutics? 


Was thỉs your answer? Chemotherapeutics act by interfering with one or 
more of the chemical reactions a pathogen needs in order to exist. The more 
complex a pathogen, the more ways there are to interfere with ïts life cycle. 
That viruses are so simple means we have few avenues for a chemothera- 
peutic approach. 


CANCER CHEMOTHERAPY ATTACKS RAPIDLY GROWING CELLS 

Cells periodically lose the abiliry to control their own growth and begin multi- 
plying rapidly. Normally, these renegade cells are recognized by the immune 
system and destroyed. Occasionally, however, they escape this line of defense 
and continue to multiply unchecked. The result is a hard mass of tissue, called a 
#„znøz, that deprives healthy celÏs of oxygen and nutrients. Cells from a tumor 
may break away and be carried to other sites in the body, where they lodge and 
continue to multiply, forming additional tumors. As tumors multiply, more and 
more healthy cells suffer and eventually die. Ultimately, the whole body may 
die. This is cancer, the second leading cause of death in most developed nations. 
At present mortality rates, one in six ofus will die of this disease. 

Cancer is actually not a single disease but rather a group of many different 
kinds of disease, cach having its own behavior and its own susceptibility to treat- 
ment. While some cancers respond to chemotherapy alone, most require a com- 
bination of chemotherapy, radiation therapy, and surgery. 

Chemotherapy is most effective at the early stages of cancer because drugs 
work best on cells that are in the process of dividing, a process called ce/z/zr 
7foszs, shown In Figure 14.14. When a tumor ¡s young, most of its celÏs are 
undergoing mitosis. As the tumor ages, however, the fraction of celÏs in this 
growth phase decreases, and so drug sensitivity is reduced. Drugs also have a dif- 
ficult time destroying all the cells in a large tumor. A 100-gram tumor, for exam- 
ple, may contain about 100 billion cells. Kiling 99.9 percent of these cells 
would still leave 100 million cells——too many for the patients Immune response 
to control. The same treatment against a 50-milligram tumor containing about 
a million cells would leave only about 1000 cells, which can be controlled by the 
immune system. Survival rates from cancer are therefore gøreatly increased by 
carly diagnosis. Hence, you are advised to keep close watch over your body for 
unusual signs and schedule regular checkups with your physician. 


FIGURE 14.13 


The protease inhibitor nelinavir. 


tw 


s There are over 2oO different types 
of cancer, which can affect nearly 
any type of body tissue. The most 
common cancer of them all is 
nonmelanoma skin cancer with 
more than 1 million new cases ïn 
the United States each year, 
which is about half of the total of 
all diagnosed cancers. In second 
place is colon cancer with about 
10O,OOO new cases in the United 
States each year. The deadliest is 
pancreatic cancer, which has a 
1-year survival rate of about 
3 percent. One of the main rea- 
sons for this low survival rate is 
because the symptoms of pan- 
creatic cancer do not typically 
appear until the cancer has 
already reached a later stage. 

MORE TO EXPLORE: 
National Cancer Institute 
WWw.nci.nih.gov 
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Parent cell with single set 
of chromosomes 


_FIGURE 14.15 


These anticancer agenrs all kill 
- dividing cells by targeting the 
cells` DNA. 


Duplicated chromosomes Daughter cells 


FIGURE 14.14 


- During cellular mitosis, DNA and certain cellular proteins bundÏe together Into 
chromosomes, which are visible under a microscope. These chromosomes duplicate 
themselves and then divide evenly into two separate cells called daughter cells. 


Unfortunately, cancerous cells are not the only cells in the body that divide. 
Normal cells divide periodically, and some types of cells, such as those in the 
gastrointestinal tract and ¡n haïr follicles, are always in a state of cellular division. 
As a consequence, cancer chemotherapeutics are noted for their toxicity, with 
patlents undergoing treatments often experiencing gastrointestinal problems 
and haïr loss. 

DNA is the target of many anticancer compounds because during cellular 
mitosis strands of DNA are unwound and therefore susceptible to chemical 
atrack. A varlety of chemicals may be used to selectively kill cells that are in the 
process of dividing. The compound 5-fluorouracil, for example, shown in Eigure 
14.15, is mistaken by a cell for the nucleotide base uracil. Qnce incorporated 
into the DNA of the cancerous cell, 5-ÑuorouracilÏs nonnucleotide structure 
interferes with the normal DNA workings, and the cell dies. Harsher agents, 
such as cyclophosphamide and cisplatin, also shown in Figure 14.15, destroy 
DNAS ability to function by chemically bonding to the DNA or by cross-link- 
¡ng the two strands of the double helix. 
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Vincristine 


Some anticancer drugs kilÏ cancerous cells without acting on DNA. Certain 
alkaloids, such as vincristine, shown ¡in EFigure 14.16, and taxol, ki dividing 
cells by preventing the formation of cellular microstructures needed for division. 

As another point ofattack, cancerous cells have high metabolic rates, which 
means they rely heavily on biochemical nutrients, such as the dihydrofolic 
acid shown ¡n Figure 14.17. The anticancer agent methotrexate ¡s structuralÏy 
very similar to dihydrofolic acid and works by binding to dihydrofolic acid 
receptor sites in the cancerous cells, thereby interfering with metabolic reac- 
tions in the cells. 

Cancer chemotherapy combined with radiatlon therapy and/or surgery can 
be effective in restraining or even curing many forms of cancer. Âs our under- 
standing of cellular mechanics continues to grow, so wilÏ our ability to increase 
the overall survival rates of cancer patients. 
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Methotrexate 


FIGURE 14.16 


Vincristine ¡s a naturalÏy occur- 
ring alkaloid that has significant 
anticancer activity. Ït is isolated 
from a plant closely related to the 
periwinkle, acommon ornamen- 
tal plant of tropical and temper- 
at€ T€ĐlONS. 


FIGURE 14.17 


Methotrexate disturbs the metab- 


olism of cancerous cells by sub- 
sututing for dihydrofolic acid at 
dihydrofolic acid receptor sites. 
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=_Birth control hormones can also 
be delivered through the skin 
using a skin patch. Of 8oo,ooo 
women using the patch, however, 
about a dozen have đied from 
blood clots believed to be related 
to the patch. Is this an acceptable 
risk? Consider that pregancy 
itself poses significant risks. In 
developed nations, for every 
10O,OOO live births there are 
about 2o maternal deaths. In 
the developing nations of sub- 
Saharan Africa, by contrast, the 
number of maternal deaths per 
100,OOO live births is around 92o. 
MORE TO EXPLORE: 
Wwww.who.int/reproductive- 
health/global_monitoring/ 
index.html 
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* 14.4 Some Drugs Either Block or Mimic Pregnancy 


n the 1930s, it was found that injected doses of the hormone progesterone 
maintain a stare of false pregnancy during which a woman does not ovulate 
and therefore cannot conceive. Oral administration ofprogesterone does not haye 
the same effect because the progesterone ¡s quickly broken down by the digestive 
system. In the early 1950s, chemists developed compounds that were very similar 
to progesterone but retained their birth control properties when taken orally. The 
first birth control pilÍ was marketed in 1960 and contained the progesterone mim- 
Icker norethynodrel as welÏ as an estrogen derivative, mestranol, to help repulate 
the menstrual cycle. Many other derivatives oŸ progesterone and estrogen have 
since been formulated into birth control pills, which are about 99 percent effec- 
tive at preventing pregnancy. Iable 14.3 ¡llustrates some drugs used for birch con- 
trol. Today, more than 60 million women worldwide use birth control pills. 

Progesterone derivatives that block rather than mimic the action of proges- 
terone are also effective as a form ofbirth control. Progesterone is vital to main- 
taining a pregnancy. Ñ/ithout it, or when its activity 1s blocked, the lining of the 
uterus is sloughed away, along with any fertilized ovum bound to the lining. A 
most effective progesterone blocker currently available is mifepristone, also 
known as RU-486. A controversy surrounding mifepristone is that, rather than 
preventing fertilization, it prevents a fertilized ovum from establishing itselfin 
the uterus. Those who view a fertilized ovum as a human life tend to be opposed 
to the use of mifepristone. Those who differentiate between a fertilized ovum 
and a developing fetus, on the other hand, are more likely to approve of its use. 

Birth control may also involve a spermicide, such as the nonoxynol-9 shown 
in Table 14.3. When used ¡n conjunction with a barrier device, such as a con- 
dom or a cervical diaphragm, spermicides can be close to 95 percent effective at 
Preventing pregnancy. 


TABLE 14.3 DRUGS FOR BIRTH CONTROL 


Drug Structure 
Norethynodrel 

O 
Mifepristone 
Nonoxynol-o 


Action 


Mimics progesterone 
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Blocks progesterone 


Kills sperm 
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14.5 THE NERVOUS SYSTEM IS A NETWORK OF NEURONS 


Birth control can also be achieved by causing a drop in a manS sperm count. 
Thịs can be done by injecting testosterone, which at high blood levels inhibits 
the production ofsperm. Recent advances have provided formulations 0Ÿ testos- 
terone that may be taken orally. Such male birth control pills have been shown 
to lower the sperm count in semen from normal values of about 100 million 
sperm per milliliter to less than 3 million sperm per milliliter, which is consid- 
ered a very low concentration. Taken correctly, these pills are about as effective 
at preventing pregnancy as female birth control pills. There appears to be a 
strong demand for these contraceptives, including in developing nations, where 
the need for birth control methods are øreatest. 


® 14.s The Nervous System Is a Network of Neurons 


any drugs function by affecting the nervous system. To understand how 
these drugs work, ít is important to know the basic structure and func- 
tions of the nervous system. 

Thoughts, physical actions, and sensory input all involve the transmission of 
electrical signals throuph the body. The conduit for these signals is a network of 
neurons, which are specialized cells capable of sending electrical impulses. First, 
in what ¡s called the zes//7g pbasé, a neuron primes itself for an impulse by eject- 
¡ng sodium ions, as shown ¡n Figure 14.18a. More sodium ions outside the neu- 
ron than inside creates a separation of charge. And a separation of charge gIves 
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FIGURE 14.18 


(a) The resting phase ofa neuron 
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mainfaIns a øreater concentration 


of sodium ions outside the cell. 
'This results in a voltage ofFabout 
270 millivolts across the cell 
membrane. (b) In the impulse 
phase, sodium ions fÑush back 
Into the celÏ to give a voltaøe of 
about 130 millivolts across the 
cell membrane. 
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FIGURE 14.19 


The passaøe of neurotransmitters 
_ across a synaptic cÍeft. 


rise to an electric potential ofaround —70 millivolts across the cell membrane. 
As shown in Figure Iá.18b, a nerve impulse is a reversal in this electric potential 
that travels down the length of the neuron to the s⁄22/7e £erzzz2s. The reversal 
of the electric potential in an impulse occurs as sodium Ions fush back ¡into the 
neuron. After the impulse passes a øgiven point along the neuron, the cclÏ again 
ejects sodium Ions at that point to reestablish the original distribution of ions 
and the potential oF—70 millivolts. 

Dnlike the wires in an electric circuit, most neurons are not physically con- 
nected to one another. Nor are they connected to the muscles or glands on which 
they act. Rather, as Figure 14.19 shows, they are separated from one another or 
from a muscle or gland by a narrow gap known as the synaptic cleft. In the 
synaptic terminal ofevery neuron are bubblelike compartmenrs called øsse/. A 
nerve impulse reaching a synaptic cleft causes these vessels to release neurotrans- 
mitters into the cleft. Neurotransmitters are organic compounds that are 
released by a neuron and are capable of activating receptor sites. Qnce released 
into the synaptic cleft, a neurotransmitter migrates across the cÏeÍt to receptor 
sites on the opposite side. Ifthe receptor sites are located on a Ø99/3/724ffC ?1£701, 
as shown in Figure 14.19, the binding of the neurotransmitter may start a nerve 
impulse in that neuron. If the receptor sites are located on a muscle or organ, 
then binding of the neurotransmitter may start a bodily response, such as muscle 
contraction or the release of hormones. 

Two important classes of neurons ar€ s//đs 7/7003 and ?14/1f271471€€ 10€M70113. 
Both types are always ñring, but in times of stress, as when facing an angry bear 
Or p1ving a speech, the stress neurons are more active than the maintenance neu- 
rons. This condidon is the /e/z-ø7-flzej¿ response, during which fear causes 
Stress neurons to trigger rapid physiological changes to help defend against 
impending danger: the mind becomes alert, air passages in the nose and lungs 


Presynaptic 
neuron 


Postsynaptic 
neuron 


z 


Synaptic 
terminal 


Vessels 
containing 
neurotransmitter 
molecules 


Synaptic cleft 
 ——Postsynaptic membrane 


Presynaptic membrane 
Protein with receptor 


site on its surface 


Synaptic cleft Neurotransmitter 
(narrow gap) 


erve impulses can travel in a neu- 
ron at speeds of up to 1oo rneters 
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DIFFUSING NEURONS 


†ernperature. The effect of tempera- 
ture on diffusion can be readily seen 
by adding food coloring to water. 


2. Add a drop offood coloring to 
each glass. The drop wilÏ sink to 
the bottom and then begin to 


per second (2so miles per hour!), 

but neurotransmitters trave] across 
the synaptic cleft at only about 1o ° 
mneter per second. One of the reasons 
for this comparative slowness ïs the 
process that moves the neurotrans- 
mitters across the synaptic cleft.Once 
the neurotransmitters are released PROCEDURE 
ïnto the cleft, they are prodded to the + 
other side merely by the random 
bumping ofjiggling molecules in the 
cleft——a process known as điƒusion. 

Recall from Section 1.6 that rmmole- 
cules sÏlow down with decreasing 


WHAT YOU NEED 


Food coloring, three drinking glasses, 
ice-cold water, warm water, hot 
water 


Fill one glass with the ice-cold 
water,one with the warm water, 
and one with the hot water. Allow 
the glasses of water to stand for a 
couple of mminutes so that the 
water is perfectly stïll. 


diffuse. Observe how long ït 
takes until the water is uniforrnly 
colored. 


open to bring in more oxygen, the heart beats faster to spread the oxyeenated 
blood throughout the body, and nonessential activities such as digestion are 
temporarily stopped. In times of relaxation, such as sitting down in front of the 
television with a bowÌ of potato chips, the maintenance neurons are more active 
than the stress neurons. Under these conditions, digestive juices are secreted, 
intestinal muscles push food through the gut, the pupils constrict to sharpen 
vision, and the heart pulses at a minimal rate. 


CK— 
What is a neurotransmitter? 


Was thỉs your answer? A neurotransmitter is a small organic molecule 
released by a neuron into a synaptic cleft. It influences neighboring tissue, 
such as the postsynaptic membrane of a neuron on the opposite side of the 
cleft, by binding to receptor sites. 


NEUROTRANSMITTERS INCLUDE NOREPINEPHRINE, ACETYLCHOLINE, 
DOPAMINE, SEROTONIN, AND GABA 

On the chemical level, stress and maintenance neurons can be distinguished by 
the types of neurotransmitters they use. The primary neurotransmitter for stress 
neurons Is 72272øz/ze, and the primary neurotransmitter for maintenance 
neurons is Z£/y/eø/zze, both shown ¡n Figure 14.20. As we shall see in the fol- 
lowing sections, many drugs function by altering the balance of stress and main- 
tenance neuron activity. In addition to norepinephrine and acetylcholine, a host 
of other neurotransmitters contribute to a broad range of effects. Three exam- 
ples are the neurotransmitters dopamine, gamma aminobutyric acid, and sero- 
tonin, all shown in Figure 14.21. 

Dopamwne plays a significant role in activating the brains reward center, 
which ¡s located in the hypothalamus, an area at the lower middle of the brain, 
as illustrated in Figure 14.22. The hypothalamus is the main control center for 
emotional response and behavior. Stimulation of the reward center by dopamine 
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Acetylcholine 


FIGURE 14.20 


The chemical structures of the 

StF€SS n€urotransmitter norepi- 
nephrine and the maintenance 
neurotransmitter acetylcholine. 
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FIGURE 14.22 


The human brain. 
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= Recently developed drugs,known 
as ampakines, have been clinically 
shown to enhance learning and 
mmemory skills. These “smart pills” 
are being developed as a possible 
treatment for narcolepsy, atten- 
tion đeficit đisorder,and 
Alzheimer5 disease. Once 
approved by the FDA, physicians 
can prescribe them for off-label 
uses, such as jet lag or age-related 
forgetfulness. These agents act 
primarily within the central nerv- 
ous system (braïin and spinal 
cord), and they do not cause the 
jitteriness commonly associated 
with caffeine or amphetamines. 

MORE TO EXPLORE: 

Wwww.cortexpharm.com 
http://nootropics.com 
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FIGURE 14.21 


The chemical structures of three important neurotransmitters. 


results in a pleasurable sense of zzøøz7z, which is 
an exaggerated sense of well-being. 

The control of physical responses ultimately 
allows us to perform such complex tasks as driving a 
car or playing the piano. The control of emotional 
responses allows us to rene our behavior, such as 
Overcoming anxiety in tense social interactlons or 
remaining calm In an emergency. The brain controls 
both physical and emotional responses by inhibiting 
the transmission of nerve impulses. The neurotrans- 
mitter responsible for this inhibition—gzZ2 
aminobuyric acid (GABA)——Is £Öe major Inhibitory 
neurotransmitter of the brain. Without it, coordi- 
nated movemenrs and emotional skills would not be 
possible. 

S%røføøz7z 1s another neurotransmitter used by the 
brain to block unneeded nerve impulses. Io make sense of the world, the frontal 
lobes of the brain selectively block out a multitude of signals coming from the 
lower brain and from parts ofthe nervous system. Ñe are not born with this abil- 
Ity to selectively block out information. In order to have an appropriate Íocus on 
the world, newborns must learn from experlence which lights, sounds, smells, and 
feelings outside and inside their bodies must be dampened. A healthy, mature 
brain ¡s one in which serotonin successfully suppresses lower-brain nerve signals. 
Information that does make it to the hipher brain can then be sorted efficiently. 
Drugs that modify the action of serotonin alter the brains ability to sort informa- 
tion, and this alters perception. LSD ¡s one such drug. While hallucinating, an 
LSD user rarely sees something that isnt there. Rather, the user has an altered per- 
ceptlon ofsomething that does exist. 


Cerebellum 


Spinal cord 


Match the neurotransmitter to ïts primary function: 


norepinephrine a. inhibits nerve transmission 
acetylcholine b. stimulates reward center 
dopamine c. selectively blocks nerve impulses 
serotonin d. maintains stressed state 

GABA e. maintains relaxed state 


Were these your answers? d, e, D, c, a. 
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% 14.6 Psychoactive Drugs Alter the Mind or Behavior 


ny drug affecting the mind or behavior is classified as psychoactive. Ïn 
this section we focus on three classes of psychoactive drugs: stimulants, 
hallucinogens, and depressanrs. 


STIMULANTS ACTIVATE THẺ STRESS NEURONS 


By enhancing the intensity of our reactlons to stimuli, s///20ís cause brief 
periods of heightened awareness, quick thinking, and elevated mood. Four 
widely recogmized stmulants are amphetamines, cocaine, caffeine, and nicotine. 

Azpbeiz7neš are a famlly oŸ sumulants that include the parent compound 
armpbeiaiwiwe (also known as “speed”) and such derivatives as methamphetamine 
and pseudoephedrine. As you can see by comparing Figure 14.23 with Figures 
14.20 and 14.21, these drugs are structurally similar to the neurotransmitters nor- 
epinephrine and dopamine. As might be expected, amphetamines bind to receptor 
sites for these neurotransmitters, thereby mimickine many oftheir effects, Including 
the fñght-or-flight response and the ability to øïve a person a sense ofeuphoria. 

Amphetamines not only mimic the action of norepinephrine and dopamine; 
they also boost the levels of these neurotransmitters in a synaptic cleft by block- 
¡ng their removal. Normally, neurotransmitters are reabsorbed by presynaptic 
neurons after they have exerted their effect on postsynaptic receptor sites. This 
pPTocess, commonly called neurotransmitter reuptake and ¡llustrated in Figure 
14.24, is the body way of recycling neurotransmitters, molecules that are diffi- 
cult to synthesize. Special membrane-embedded proteins are required to pulÏ 
once-used neurotransmitter molecules back into a presynaptic neuron. Amphet- 
amines inactivate norepinephrine and dopamine reuptake proteins by binding 
to them. As a consequence, the concentration of these stimulating neurotrans- 
mitters In the synaptic cleft Is maintained at a higher-than-normal level. 

The stimulating and mood-altering effects ofamphetamines give them a high 
abuse potential. Side effects include insomnia, irritability, loss of appetite, and 
paranoia. Amphetamines take a particularly hard toll on the heart. Hyperacuve 
heart muscles are prone to tearing. Subsequent scarring of tissue ultimately leads 
to a weaker heart. Furthermore, amphetamines cause blood vessels to constrict 
and blood pressure to rise, conditions that increase the likelihood of heart attack 
Or stroke. 


Amphetamines are a family of 
compounds structurally related 
to the neurotransimitters IOr€pi- 
nephrine and dopamine. 
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FIGURE 14.24 


@ Neurotransmitters bind to 

-_ their postsynaptic reCeprors. 

@ Neurotransmitters are reab- 
sorbed by the presynaptic neuron 
that released them through pro- 
teins embedded in the presynap- 
tic membrane. 3 A drug that 
interferes with reuptake causes a 
buildup oŸ neurotransmitters In 
the synaptic cleft. 


đYE-—-—— 


.s In19oo,about 2 to s percent of 
the U.S. population was addicted 
†o morphine and cocaine, which 
were the prime and usually 
secret ingredients of unregulated 
potions advertised to alleviate 
practically any ïllness. This drug 
addiction was reduced dramati- 
cally after the passage of the 
1906 Pure Food and Drug Act. 
Three important aspects of this 
act were (1) The creation of the 
Food and Drug Administration, 
which was given authority to 
approve all foods and drugs 
mneant for human consumption, 
(2) The requirement that certain 
drugs could be sold only by pre- 
scription, and (3) The require- 
ment that habit-forming 
mnedicines be labeled as such. 

MOREE TO EXPLORE: 
WwWw.druglibrary.org/schaffer/ 
History/whitebn.htm 
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Drug addiction ¡is not completely understood, but scientists do know that it 
involves both physical and psychological dependencc. Physical dependence ¡is the 
need to continue taking the drug to avoid withdrawal symptoms, which for 
amphetamines include depression, fatigue, and a strong desire to cat. Psychological 
dependenee is the c7 to continue drug use. Thỉs craving may be the most seri- 
ous and deep-rooted aspect ofaddiction in that ít can persist even after withdrawal 
from physical debendence, frequently leading to renewed drug-seeking behavior. 

One of the more notorious and abused stimulants is e2¿272, a natural prod- 
uct isolated from the South American coca plant, shown in Figure 14.25. Cnce 
in the bloodstream, cocaine produces a sense of euphoria and ¡increased stam- 
ina. Ít is also a powerful local anesthetic when applied topically. Within a few 
decades of its first isolation from plant material in 1860, cocaine was used as a 
local anesthetic for eye surgery and dentistry—a practice that stopped once 
safer local anesthetics were discovered in the carly 19005. 

Cocaine and amphetamines share a similar profile of addictiveness, though 
cocaineS addictive properties are more intense. The cocaine that ¡s inhaled 
nasally ¡s the hydrochloride salt. The free-base form of cocaine, called crack 
cocaine, is also abused. As with the street drug “ice,” which is the free-base form 
of methamphetamine, crack cocaine ¡s volatile and may be smoked for what is 
an intense but profoundly dangerous and addictive high. 

Amphetamines and cocaine work the same way ¡n the body, but cocaine is 
much more vigorous at blocking the reuptake of dopamine. How cocaine works 
1s illustrated in Figure 14.26. The great buildup of dopamine in synaptic clefts 
in the brains reward center ¡s the source of cocaines euphoric effect. Âs cocaine 
keeps dopamine from being reabsorbed by the presynaptic neuron, the 
dopamine remains active in the synaptic cleft, and as a result the reward center 
stays sumulated. This cuphoric state 1s onHy temporary, however, because 
enzymes in the cleft metabolize, and hence deactivate, the dopamine. Once the 
cocaine is metabolized by enzymes, dopamine reuptake ¡s again permitted. By 
this time, however, there is very little dopamine ¡n the cleft to be reabsorbed. 
Nor is there an adequate supply of dopamine in the presynaptic neuron, which 
is unable to make sufficient quantities of dopamine without the recycling 
process. The net result is a depleon of dopamine that causes severe depression. 
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Cocaine 


Long-term cocaine or amphetamine abuse leads to a deterioration o£ the nervous 
system. The body recognizes the excessive stimulatory actlons produced by these 
drugs. Io decal with the overstimulation, the body creates more depressant receptOr 
sites for neurotransmitters that inhibit nerve transmission. Ä tolerance for the drugs 
therefore develops. Then, to receive the same stimulatory effect, the abuser ¡s forced 
to increase the dose, wh¡ch induces the body to create even more depressant recep- 
tor sites. The end result over the long term is that the abusers natural levels of 
dopamine and norepinephrine are insufficient to compensate for the excessive 
number of depressant sites. Lasting personality changes are thus often observed. 


e Dopamine Ø Cocaine 
4" Deactivated dopamine ¿ Deactivated cocaine 
E Enzyme 


Presynaptic neuron 
Reuptake protein 
blocked by cocaine 
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Dopamine receptor site 


Postsynaptic neuron 


FIGURE 14.25 


The South American coca plant 
has been used by indigenous cul- 
tures for many years ¡n religious 
ccremonles and as an aid to stay- 
¡ng awake on long hunting trips. 
Leaves are either chewed or 
ground to a powder that ïs 


inhaled nasally. 


FIGURE 14.26 


Cocaine affects dopamine levels 
¡n the synaptic clefts of the 
brains reward center. 


đ) High levels of dopamine remain active @) Dopamiine is metabolized and @) After cocaine is metabolized and 


in the synaptic cleft as cocaine blocks deactivated as it loiters in the 
dopamine reuptake sites. This causes synaptic cleft awaiting reuptake. 
cocaine's euphoric effect. 


deactivated, dopamine reuptake is 

no longer blocked, but there is very 
little dopamine in the synaptic cleft 
or in the neurons, and the cocaine 
user experiences extreme depression. 
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FIGURE 14.27 


A coffee plant with its ripening, 
caffeine-containing beans. 


What are two ways in which amphetamines and cocaine exerf their effects? 


Was thỉs your answer? Amphetamines and cocaine in the synaptic cleft 
both mimic the action of neurotransmitters. They also block the reuptake of 
neurotransmitters, which results in an increase ïn the concentration of neu- 
rotransmitters in the cleft. The maïn action ofamphetamines is their miïm- 
ickỉng of neurotransmitters, whereas the maïn action of cocaine is the 
blocking of neurotransmitter reuptake. 


A mụuch milder and legal stimulant is œ2ƒ272e, depicted in Figure 14.27. A 
number of mechanisms have been proposed for caffeineS stimulatory effects. Per- 
haps the most straightforward mechanism ¡s caffeines facilitatine of the release of 
norepinephrine Into synaptic clefts. Caffeine also exerts many other cffects on the 
body, such as dilation ofarteries, relaxation ofbronchial and gastrointestinal mus- 
cles, diuretic action on the kidneys, and sumulation of stomach-acid secretion. 

The caffeine we ingest comes from various natural sources, including coffee 
beans, teas, kolanuts, and cocoa beans. Kolanut extracts are used for making cola 
drinks, and cocoa beans (not to be confused with the cocaine-producing coca 
plant) are roasted and then ground to a paste used for making chocolate. Caffeine 
1s relatively easy to remove from these natural products using hiph-pressure car- 
bon dioxide, which selectively dissolves the caffeine. This allows for the econom- 
ical production o£ “decaffeinated” beverages, many of which, however, still 
contain smalÏ amounts of caffeine. Interestingly, cola drink manufacturers use 
decaffeinated kolanut extract in their beverages. The caffeine ¡s added in a separate 
Step to guarantee a particular caffeine concentration. In the United States, about 
2 million pounds of caffeine ¡s added to soft drinks cach year. Table 14.4 shows 
the caffeine content of various commercial products. For comparison, the maxi- 
mum daily dose of caffeine tolerable by most adults is about 1500 millipgrams. 

Another legal, but far more toxic, stimulant is 7/cø/e. As noted earlier, 
tobacco plants produce nicotine as a chemical defense against insects. This com- 
pound ïs so potent that a lethal dose in humans is only about 60 milligrams. A 
single cigarette may contain up to 5 milligrams oỂ nicotine. Most of ít is 
destroyed by the heat of the burning embers, however, so that less than l mil- 
ligram ¡s typically inhaled by the smoker. 

Nicotine and the neurotransmitter acetylcholine, which acts on maintenance 
neurons, have similar structures, as Figure 14.28 illustrates. Nicotine molecules 
are therefore able to bind to acetylcholine receptor sites and trigger many of 
acetylcholines effects, including relaxation and ¡increased digestion, which 


TABLE 14.4 APPROXIMATE CAFFEINE CONTENT OF VARIOUS PRODUCTS 


Product Caffeine Content 
Brewed coffee 1OO—15O Tng/cup 
Instant coffee 5O—10O mg/cup 
Decaffeinated coffee 2—1O mng/cup 
Black tea 5O—15O mg/cup 
Cola drink 35—55 mg/12 0z 
Chocolate bar 1-2 mg/oz 
Over-the-counter stimulant 1OO rng/dose 


Over-the-counter analgesic 30—6O rng/dose 
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explains the tendency of smokers to smoke after eating meals. In addition, 
acetylcholine ¡s used for muscle contraction, and so the smoker may aÌso expe- 
rience some muscle stimulation immediately after smoking. After these initial 
responses, however, nicotine molecules remain ¡inertly bound to the acetyl- 
choline receptor sites, thereby blocking acetylcholine molecules from binding. 
The result is that the activity of these neurons is depressed. 

Recall that maintenance neurons and stress neurons are both always working. 
Thus inhibiting the activity ofone type increases the activity of the other type. So, 
as nicotine depresses the maintenance neurons, it favors the stress neurons, thereby 
raising the smokers blood pressure and stressing the heart. Up ¡n the brain, nicotine 
affects the stress system directÌy by enhancing the release of stress neurotransmit- 
ters, such as norepinephrine. Nicotine aÌso increases the levels of dopamine ¡n the 
reward center. Furthermore, when inhaled, nicotine is a fast-acting drug. All of 
these factors give nicotine a high level of addictiveness. Animal studies show 
inhaled nicotine to be about six times more addictive than inJected heroin. Because 
nicotine leaves the body quickly, withdrawal symptoms begin about L hour after a 
Cigarette is smoked, which means the smoker ¡s inclined to light up frequently. 

Figure 14.29 on page 502 shows what a smokerS lungs look like after years of 
smoking. In the United States, about 450,000 individuals die each year from 
such tobacco-related health problems as emphysema, heart failure, and various 
forms of cancer, especially lung cancer, which is brought on primarily by 
tobaccoS tar component. Some relief from the addiction can be obtained with 
nicotine chewing gum and nicotine skin patches. In order for any method to be 
effective, however, the smoker must fñrst genuinely desire to quit smoking. 


cK 


Caffeine and nicotine both add stress to the nervous system, but they do so 
by different means. Briefly describe the difference. 


Was thỉs your answer? Caffeine stimulates the release of the stress neuro- 
transmitter norepinephrine, and nicotine both depresses the action of the 
maintenance neurotransmitter acetylcholine and enhances the release of 
norepinephrine. 


HALLUCINOGENS AND CANNABINOIDS ALTER PERCEPTIONS 
A balucinoeeøn, also known as a psycDedefe, 1s any drug that can alter visual per- 
ceptions and skew the users sense of time. Hallucinogens have a pronounced 
effect on moods, thought patterns, and behavior. Iwo main categories of hallu- 
cinogens are represented by the compounds lysergic acid diethylamide (LSĐ) 
and mescaline. A closely related category of drugs is the ez7U7zø74, the psy- 
choactive components of marijuana. Cannabinoids do not alter visual percep- 
tions and so are not true hallucinogens. They are similar to hallucinogens in 
other regards, however, such as in their ability to aÌter our sense of time. 

LSD šs the prototypic hallucinogen. Its molecular structure, shown In Eigure 
14.30, 1s very similar to that of serotonin, and this similarity permits LSD to 
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Nicotine is able to bind to recep- 
tor sites for acetylcholine because 
of structural similarities. 


¬ 


.= Inaddition to serving as a stimu- 


| 


lant, nicotine aÌso has some anal- 
gesic properties, which mmeans 
that it enhances the ability to 
tolerate païn. A structurally 
related analog of nicotine, 
known as epibatidine (shown 
below),is even better at produc- 
¡ng analgesia and has been 
shown to be over 2oo times 
more analgesic than morphine. 
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Further studies show that epiba- 
tiđine and nicotine bind to a dif- 
ferent analgesia-producing 
receptor site than morphine, 
which means that nicotine 
analogs represent a whole new 
class of analgesics. Epibatidine is 
isolated from the skin of a poi- 
sonous frog of Ecuador. I†s toxic- 
ity is too great to allow for 
clinical applications. Medicinal 
chemists are working hard,how- 
ever, to discover other nicotine 
analogs that have optimal anal- 
gesiïc effects with minimail toxici- 
ties and, ideally, a low level of 
addictiveness. 


Ô_ MORE TO EXPLORE: 


Ị 
| 


| 


Wwww.phcvcu.edu/Feature/ 
oldfeature/epi/index2.html 
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Tobacco curing on racks 


Cigarette manufacture 


FIGURE 14.29 


The path of tobacco from the 

ñeld to a smokers lungs. About 

: 46 million Americans smoke 

User despite an awareness of the dan- 
Blackened lungs gers of this habit. 
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FIGURE 14.30 | O 
"The side chain of serotonin can “NT N x 


rotate into a number of confor- 

mations. Upon binding to a v 
Teceptor site, howevcer, the side 

chain ¡s likely to be held in con- 

formation 3. Note how the LSD 

molecule can be superimposed on 

structure 3. LSI may therefore 

be thought ofas a modifed sero- 

tonin molecule in which the side 

chain 1s held in the ideal confor- 


mation for receptor binding. G —-.`-..<.<....‹..Ắ.. SN 


Lysergic acid diethylamide 
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aCtivate serotonin receptors even better than serotonin does. This means that 
unusually hiph numbers of nerve Impulses are blocked, increasing our normal 
dampening powers. It is LSID ability to interfere with serotonins work that 
causes LSD users to experience an altered sense of reality. Because LSD also sum- 
ulates the reward center, the change in sensory organization is usually, but not 
always, characterized as a favorable experience. LSID also triggers the stress neu- 
rons, resulting ¡n enlarged pupils, elevated blood pressure and heart rate, nausca, 
and tremors. These stress effects can shift the mood ofan affected person to 
panic and anxiety. Because the LSD molecule is nonpolar, quantities may be 
trapped and hidden away in nonpolar fatty tissue, only to be released months 
later and result in a mild recurrence of the experience. 

In the early 1970s, there was a signiiicant rise in the street use of hallucino- 
genic derivatives of the compound phenylethylamine, shown in Figure 14.31. 
Initial interest was given to 7esez/7ze, the hallucinogenic component of several 
specles of cacti used In religious ceremonies by Native American tribes in the 
western United States. One plant yielding this compound ¡s pictured in Figure 
14.32. Synthetic derivatives, such as methylenedioxyamphetamine (MDA), also 
became popular. Unlike LSD, these hallucinogens do not exert their effects by 
binding to serotonin receptor sites. Rather, they suimulate the release of excess 
quantities of serotonin. This pathway ¡is not as effective as LSID% direct 
approach, and as a result these drugs are 200 to 4000 times less potent than 
LSD. Because larger doses of mescaline and MIDA are required, a multitude of 
other effects are seen, such as a marked stimulation of the stress neurons. In 
addition, the regular use of these compounds causes withdrawal symptoms. 

Cannabinoids are the psychoactive components of marijuana, which has the 
species name (222// s2/7„z. Concentrations of cannabinoids vary greatÌy from 
plant to plant. The original strains of this plant species contain very little of 
these psychoactive components and have been used for many centuries for their 
great fiber qualities. Strains of C24zs that may be smoked for psychoactive 
effects on average contain about 4 percent cannabinoid derivatives. [he most 
active of these derivatives ¡s the compound A-tetrahydrocannabinol (THC), 
shown ¡in Figure 14.33 on page 504. 

How THC exerts its psychoactive effect is not completely understood. In 
1990, a specifc receptor site for the THC molecule was discovered. A few 
years later, a peptide occurring naturally in the body was found to bind to this 
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FIGURE 14.31 


Hallucinogenic derivatives of 
phenylethylamine. 


FIGURE 14.32 


The peyote cactus is a source of 
the hallucinogen mescaline. 
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The major psychoactive 
component of mariJjuana is 
A”-tetrahydrocannabinol. 
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_=_Alcoholic beverages seasoned ïn 


wooden caskets, such as whiskies 
or red wines, tend to have signifi- 
cant amournts of methanol, 
CH:.OH, also known as wood alco- 
hol. The toxicity of the methanol 
explains why these beverages 
tend to give harsher hangovers 
upon drinking too much. On an 
unrelated note, according to a 
2004 Australian study, drivers 
using “hands-free” cells phones 
are about four times more likeÌy 
to be in a traffic accident. In other 
WOords, driving under the influ- 
ence of a telephone conversation 
is comparable to driving under 
the influence of alcohol. 

MOREE TO EXPLORE: 
British Medical Journal 
Wwww.studentbm].com/issues/ 
O2/o6/education/184.php 
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receptor and initiate marijuana-like responses. These results suggest that THC 
functions by mimicking this naturally occurring peptide. 

Most norably, cannabinoids accumulate ¡in the area of the brain where short- 
term memories are sorted. Every experlence we ever have øoes throuph this center. 
Some things—the image ofa sidewalk crack you saw on a morning walk, say— 
get thrown out. ©ther experiences, like your first date, get filed away ¡n long-term 
memory storage. Cannabinoids disrupt this fñlïng system so that memories are not 
sorted appropriately. In addition, people under the infuence ofcannabinoids may 
have a distorted sense oŸ time and unclear thoughts. Another effect of cannabi- 
noids is unrestful sleep. The brain sorts throueh memories during a phase of sleep 
marked by rapid eye movement (REM). People who smoke marijuana lose REM 
sleep time, which results In irritability the following day. Once the memory fling 
center is cleared of the drug, which may take days or even weeks, the brain makes 


up for lost time by having extra long periods of REM. 


ChrcK 


Why is rmarijuana not considered a true hallucinogen? 


Was thỉs your answer? The chemicals in marijuana do not alter visual 
perceptions. 


DEPRESSANTS INHIBIT THẺ ABILITY OF NEURONS 
TO CONDUCT IMPULSES 
D@øpressazs are a cÏass of drugs that inhibit the ability of neurons to conduct 
impulses. Two examples of depressants are ethanol and benzodiazepines. 
Ethanol, also known simply as ø/eøøŸ, 1s by far the most widely used depres- 
sant. Jts structure is shown in Figure 14.34. In the United States, about a third 
of the population, or about 100 million people, drink alcohol. It ¡s well estab- 
lished that alcohol consumption leads to about 150,000 deaths cach year in the 
United Srates. The causes of these deaths are overdoses of alcohol alone, over- 
doses of alcohol combined with other depressants, alcohol-induced violent 
crime, cirrhosis of the liver, and alcohol-related traffic accidents. 
Beizol7azej77/6š are a potent cÌass ofantianxiety agents. Compared with many 
other types of depressants, benzodiazepines are relatively safe and rarely produce 
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One ofthe initial effects of alco- 
hol is a depression of social Inhi- 
birions, which can serve to 
bolster mood. Alcohol is not a 
stimulant, however. From the 
ñrst sip to the last, body systcms 
are being depressed. 
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cardiovascular and respiratory depression. Their antianxiety effects were Identi- 
Red in 1957 by chance. During a routine laboratory cleanup, a compound that 
had been sitting on the shelffor 2 years was submitted for routine testing despite 
the fact that compounds thought to have similar structures had shown no prom- 
ising pharmacologic activity. This particular compound, however, shown ¡in 
Eigure 14.35 and now known as chlordiazepoxide, contained an unusual seven- 
membered ring. Chlordiazepoxide showed a significant calming effect in 
humans and by 1960 was marketed under the trade name Librium as an 
antianxiety agent. Shortly thereafter, a derivative, diazepam, was found to be ve 
to ten times more potenrt than chlordiazepoxide. In 1963 diazepam hit the mar- 
ket under the trade name Valium. 

A primary way ¡in which alcohol and benzodiazepines exert their depressant 
effect Is by enhancing the action o£ GABA. As shown in Figure 14.36, GABA 
keeps electrical impulses from passing through a neuron by binding to a recep- 
tor site on a channel that penetrates the cell membrane of the neuron. Figure 
14.36a shows that when GABA binds to the receptor site, the channel opens, 
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The benzodiazepines Librium 
and Valium. 
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_FIGURE 14.36 
- (a) When GABA binds to its 


receptor site, a channel opens to 
allow negatively charged chloride 
ions into the neuron. The high 
Concentration oÊ negative Ions 
inside the neuron prevents the 
electric potential from reversing 
from negative to positive. 
Because that reversal is necessary 
1fan impulse is to travel through 
a neuron, no impulse can move 
through the neuron. (b) Alcohol 
mimics GABA by binding to 
GABA receptor sites. 


-_ The receptor site for a benzodi- 


azepine is adjacent to the GABA 
receptor site. (a) A benzodi- 
azepine cannot open up the 
chloride channel on its own. 

(b) Rather, the benzodiazepine 
helps GABA in ¡ts channel- 
opening task. 
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allowing chloride Ions to migrate into the neuron. The resulting negative charge 
buildup ín the neuron maintains the negative electric potential across the celÏ 
membrane, thereby inhibiting a reversal to a positive potential and preventing 
an impulse from traveling along the neuron. (Ifyou are having trouble under- 
standing this, go back and review Figure 14.18 and the text describing ¡t.) 

Alcohol mimics the effect of GABA by binding to GABA receptor sites, 
allowing chloride ions to enter the neuron, as shown ¡n Fipure 14.36b. The 
effect of alcohol is dose-dependent—the greater the amount drunk, the greater 
the effect. At smalÏ concentrations, few chÏoride ions are permitted into the neu- 
ron; these low concentrations of ions decrease inhibitions, alter judgment, and 
impair muscle control. As the person continues to drink and the chloride ion 
concentration inside the neuron rises, both refexes and consciousness diminish, 
eventually to the point ofcoma and then death. 

Recall from our discussion of cocaine and amphetamines that the body 
responds to the long-term abuse of these stimulants by creating more depressant 
receptor sites. Likewise, the body recognizes the excessive inhibitory actions 
produced by alcohol and tries to recover by increasing the number of synaptic 
receptor sites that lead to nerve excitation. A tolerance for alcohol therefore 
develops. To receive the same inhibitory effect, the drinker ¡s forced to drink 
more, which induces the body to create even more excitable synaptic receptor 
sites. Eventually, an excess of these excitatory receptor sites leads to perpetual 
body tremors, which can be subdued either by more drinking or, with greater 
difficulty, by a long-term cessation ofalcohol consumption. 

Eigure 14.37 illustrates how benzodiazepines exert their depressant effects by 
binding to receptor sites located adjacent to GABA receptor sites. Benzodi- 
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azepine binding helps GABA bind. Because benzodiazepines dont directly open 
chloride-ion channels, overdoses of these compounds are less hazardous than 
overdoses of alcohol. For this reason, benzodiazepines have become a drug of 
choïce for treating symptoms ofanxiety. 


CONC .= —. 
"GHỜAg 4:14. 


Does the activity of a neuron increase or decrease as chloride ions are 
allowed to pass into ït? 


Was thỉs your answer? Chloride 1ons inside the neuron help rnaintaïn the 
negative electric potential. This inhibits the neuron from conducting an 
ïmpulse (see Figure 14.18). Chloride ions therefore decrease the activity ofa 
neuron. 


® 14.7 Pain Relievers Inhibit the Transmission 
or Perception of Païn 


hysical pain is a complex body response to inJury. 

On the cellular level, pain-inducing biochemicals 
are rapidly synthesized at the site of injury, where they 
initiate swelling, inlammation, and other responses that 
get your body attention. These pain signals are sent 
through the nervous system to the brain, where the pain 
is perceived. To alleviate pain, drugs act at Various staø€s 
of this process, as shown in Figure 14.38. 

Anesthetics prevent neurons from transmitting sensa- 
tions to the brain. Jøe2/2øes#e/es are applied either top- 
ically to numb the skin or by injection to numb deeper 
tissues. These mild anesthetics are useful for minor surgi- 
cal or dental procedures. As described earlier, cocaine was 
the first medically used local anesthetic. Others having 
fewer side effects soon followed, such as the ones shown 
in Figure 14.39 on page 508. In general, molecules that 


Percep†ion of pain 
(prescrip†ion analgesics) 


Pros†aalandin 
syn†hesis 
(over-†he-counfer 
anolqesics) 


Transmission of poin 
(anes†he†ics) 


have strong local anesthetic properties have an aromatic ring linked to an amine FIGURE 14.38 

group by an intermediate chain ofa particular length. Benzocaine lacks an amine Injury to tỉssue causes the trans- 

group and so has low activity, which permits its use as an over-the-counter topicaÌ mission of pain signals to the 

anesthetic good for mouth sores and sunburn. brain. Pain relievers prevent this 
A g¿weral awestbeizc blocks out pain by rendering the patient unconscious.  transmission, inhibit the inlam- 

Gasceous general anesthetics are commonly used because with them theanesthe-  matlon response, or dampen the 


brains ability to perceive the 


siologist has excellent control over how much anesthetic is given. Âs discussed : 
pain. 


in Section 12.3, diethyl ether was one of the frst general anesthetics. Two of the 
more popular øgaseous øeneral anesthetics used by anesthesiologists today are 
those shown ¡in Eigure 14.40 on page 508, sevolurane and nitrous oxide. When 
inhaled, these compounds enter the bloodstream and are distributed throuph- 
out the body. At certain blood concentrations, general anesthetics render the 
Iindividual unconscious, which 1s useful for invasive surgery. General anesthesia 
must be monitored very carefully, however, so as to avoid a major shutdown of 
the nervous system and subsequent death. 

Analgesics are a class of druss that enhance our ability to tolerate pain without 
abolishing nerve sensations. ver-the-counter analgesics, such as aspirin, Ibupro- 
fen, naproxen, and acetaminophen, inhibit the formation of øzøs/2ø/2/z:s, which, 
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Local anesthetics have similar 


structural features, including an 


aromatic ring, an intermediate 


chain, and an amine group. Ask 
your dentist which ones he or she 


uses Íor yOur treatment. 
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as Figure 14.41 illustrates, are biochemicals the body quickÌy synthesizes to eenerate 
pain signals. Analgesics also reduce fever because of the role prostaelandins play in 
raising body temperature. In addition to reducing pain and fever, aspirin, ibupro- 
fen, and naproxen act as anti-inflammatory agents because they block the forma- 
tion ofa certain type of prostaglandin responsible for inlammation. Acetamin- 


6) 


N=N | 


Nitrous oxide 


The chemical structures of 
sevoflurane and nitrous oxide. 


ophen does not act on inlammation. These four analgesics 
are shown in Fipure 14.42 on page 510. 

The more potent opioid analgesics—morphine, codeine, 
and heroin (see Figure l4.1)-—moderate the brain§ per- 
ception of pain by binding to receptor sites on neurons. 
Iniual discovery of these receptor sites raised the question 
of why they exist. Perhaps, it was hypothesized, opioids 
mimic the action of a naturally occurring brain chemical. 
Ez⁄iorpb7øs, a group oÊ polypeptides that have strong opi- 
oid activity, were subsequently isolated from brain tissue. Ít 
has been suggested that endorphins, an example of which is 
shown In Eigure 14.43 on page 510, evolved as a means of 
SUppressing awareness of pain that would otherwise be 
Iincapacitating ¡n life-threatening situations. The “runnerS 
hiph” experienced by many athletes after a vigorous work- 
out is caused by endorphins. 


Endorphins are also implicated ¡n the ø/zceðø øƒf£eứ, in which patlents experi- 
ence a reduction ¡n pain after taking what they believe ¡s a drug but is actually a 
sugar pill. (A ø/zc£o 1s any inactive substance used as a control in a sclentilc 
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FIGURE 14.41 


(a) Prostaglandins, which cause pain signals to be sent to the brain, are synthesized by 
the body in response to ¡njury. The starting material for alÍ prostaglandins is arachi- 
donic acid, which ¡s found in the plasma membrane of all cells. Arachidonic acid is 
transformed to prostaglandins with the heÌp oFan enzyme. There are a variety of 
pProstaplandins, cach having its own effect, but all have a chemical structure resem- 
bling the one shown here. (b) Analgesics inhibit the synthesis of prostaglandins by 
binding to the arachidonic acid receptor site on the enzyme. With no prostaslandins, 
no pain signals are øenerated. 


experiment.) Through the placebo effect, it ¡s the patients' beliefin the effective- 
ness of a medicine rather than the medicine ¡tself that leads to pain relief. The 
involvement of endorphins in the placebo effect has been demonstrated by 
replacing the sugar pills with drugs that block opioids or endorphins from bind- 
¡ng to their receptor sites. Under these circumstances, the placebo effect vanishes. 

In addition to acting as analgesics, opioids can induce euphoria, which ¡s 
why they are so frequently abused. With repeated use, the body develops a tol- 
erance to these drugs: more and more must be administered to achieve the 
same cffect. Abusers also become physically dependent on opioids, which 
means they must continue to take the opioids to avoid severe withdrawal symp- 
toms, such as chiÌÏs, sweating, stiffness, abdominal cramps, vomiting, weipht 
loss, and anxiety. Interestingly, when opioids are used primarily for pain relief 
rather than for pleasure, the withdrawal symptoms are much less dramatic— 
especially when the patient does not know he or she has been taking these 
drugs. 


Prostaglandin 


{y 


.= The 1oth-century chemist Felix 


Hoffman created aspirin, acetyl- 
salicylic acid, by adding the acetyl 
functional group to salicylic acid. 
TWwo weeks after doïng so, he 
applied the same chemistry to 
morphine to create diacetylmor- 
phine. The company he was work- 
ïng for, Bayer, narmed and 
marketed this product “heroin” 
for the “heroic” feeling ít ïnspired 
in users. l was erroneousÌy 
advertised as being a nonaddic- 
tive alternative to morphine. 
More ïmportant, however, heroin 
is a powerful cough suppressartt. 
At the time, tuberculosis and 
pneumonia were the leading 
causes of death. Heroin became a 
highly welcomed medicine as ït 
allowed people sick from these 
diseases to obtain a restorative 
nights sleep. By 1913, the negative 
aspects of heroin became widely 
known and Bayer stopped pro- 
ducing ït,instead focusing on the 
selling of aspirin. 

MORE TO EXPLORE: 
http://opioids.com/heroin/ 
heroinhistory.html 
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Met-enkephalin is Just one of 
many endorphins, which are 
pain-relievine polypeptides pro- 
duced by the body. Studies show 
a similarity between the structure 
ofopioids and the structure of 
the tyrosine-glycine-glycine por- 
tion o£ this macromolecule, a 
similarity that supports the 
notion that endorphins and opi- 
oids ft the same receptor sites. 
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Acetaminophen 
(Tylenol, Datril) 


Asptrin, ibuprofen, and naproxen block the formation of prostaplandins responsible 
for pain, fever, and inlammation. Acetaminophen blocks the formation only of 


prostaglandins responsible for pain and fever. 
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The most widely used approach to treating opioid addiction 1s methadone 
maintenance. Ä⁄/e/zđoze, shown in Figure 14.44, is a synthetic opioid deriva- 
tive that has most of the effects of other opioids, including euphoria, but di 
fers in that it retains much oÊits activity when taken orally. This means that 
doses are vcry casy to control and monitor. The withdrawal symptoms of 
methadone are also far less severe, and the addict may be slowly weaned off 
the opioid without excessive stress. An addict may be freed of physical 
dependence in a matter of months. The psychological dependence, however, 
usually persists throughout the individual life, which ¡s why the relapse rate 
is so híph. 


cK 
Distinguish between an anesthetic and an analgesic. 


Was thỉs your answer? An anesthetic blocks païn signals from reaching the 
brain, and an analgesic facilitates the ability to manage pain signaÌs once 
they are received by the brain. 


* 14.8 Drugs for the Heart Open Blood Vessels 
or Alter Heart Rate 


H=n disease is any condition that diminishes the hearts ability to pump 
blood. A common heart disease is Z7/£77ø2se/zos/s, a buildup of plaque on 
the inside walls of arteries. As discussed in Section 13.8, plaque deposits are 
mostly an accumulation of low-density lipoproteins, which are hiph ¡n choles- 
terol and saturated fats. Plaque-flled arteries are less elastic and have a decreased 
volume. Both these effects make pumping blood more difficult, and the heart 
becomes overworked and weakens. Accumulated damage to heart muscle from 
arteriosclerosis or other stresses can result in abnormal heart rhythms, known as 
arrbyør4. Chest pains, known as Z7, result from an insufficient oxygen 
supply to heart muscles. Ultimately, the weakened heart does not adequateÌy cir- 
culate blood to the body. People with heart disease have decreased stamina and 
frequently need to catch their breath. 

As discussed in Section 13.8, another great danger of arteriosclerosis is the 
potential for a blood clot around the site oFplaque formation. Such a clot is car- 
ried through the bloodstream unuiÏ ít clogs a blood vessel, effectively cutting off 
the blood supply to tissue, which then begins to die. A heart attack occurs when 
the dying tissue is heart muscle. Some heart attacks progress slowly, allowing the 
victim time to seek medical assistance, which may involve the administration of 
a quick-acting clot-dissolving enzyme. Other heart attacks are more rapid, 
killing the victim within minutes. Surviving a heart attack means living with a 
heart weakened by dead tissue. 

W2soz2/2z£øzs are a class of drugs that increase the blood supply to the heart by 
expanding blood vessels. They are useful for treating angina. They also reduce 
the workload of the heart because opening up the blood vessels makes pumping 
blood easier. Traditional vasodilators include nitroglycerin and amyl nitrite, 
both shown in Figure 14.45. They can be administered by a number of routes, 
including orally, sublingually (under the tongue), or as a transdermal patch. A 
benefit of the latter two approaches is that they allow the drug to enter the body 
slowly, in contrast to what happens when the drug ¡s taken orally or by injec- 
tion. These organic nitrates are metabolized to nitric oxide, NO, which has been 
shown to relax muscles in blood vessels. 
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FIGURE 14.44 


The structure of methadone 
(black) superimposed on that of 
morphine (blue and black). 
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The vasodilators nitroglycerine 
and amyÏ nitrite. 


_ FIGURE 14.46 


Propranolol is a beta blocker, and 
nifedipine is a calcium-channel 


blocker. 
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Drugs that relax the pumping action of the heart have also been developed. 
hen bound to receptor sites called beta-adrenoceptors In heart muscle, the neu- 
rotransmitters norepinephrine and epinephrine stimulate the heart to beat faster. A 
series of drugs called 6e øocbers slow down and relax an overworked heart by 
blocking norepinephrine and epinephrine from binding to the beta-adrenoceptors. 
The ñrst beta blocker developed, propranolol (Inderal), shown ¡n Figure lá.46, is 
useful for treating angina, arrhythmias, and hiph blood pressure. 

Another group of drugs that relax heart muscle are the cz/c7-cbzcÏ 
bjocEers. Qne example ¡s nifedipine, shown in Figure 14.46. MuscÌe contraction 
1s Initiated as a nerve impulse signals calcium ions to enter muscle cells. As their 
name implies, calcium-channel blockers inhibit the flow of calcium lons Into 
muscles, thereby inhibiting muscle contraction. The heart rate slows down, and 
muscles of blood vessels relax and dilate, lowering blood pressure. 


Nifedipine 
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14.5 CAUSES OF DEATH IN THE UNITED STATES, NUMBER-ONE CAUSE 
BY AGE GROUP 


Top Ten Causes, 


Age Group (Years) Cause All Ages Combined 
15—24 Accident 1. Cancer 
25-44 HIV ïnfection 2. Heart Disease 
45-64 Cancer 3. Stroke 
>65 Heart disease 4. Lung disease 
5. Accident 
6. Pneumonia 
7. Diabetes 
8. Suicide 
9. HIV infection 
1o. Homicide 


In the Dnited States and in most other developed nations, heart disease ¡s the 
number-one cause of death for individuals over the age of65. Because most peo- 
ple in these natlons live past this age, heart disease is actually the leading cause of 


death for all age groups combined, as noted ¡in Table 14.5. 


Why do long-time alcoholics require relatively greater doses of a beta 
blocker ïn order to relax cardiac muscle? 


Was thỉs your answer? As discussed ín Section 14.6, long-tirme excessive 
drinking leads to an increase ïn the number of receptor sïtes for stress neu- 
rotransmitters.With more of these receptor sites to block, the alcoholics 
require a correspondingly greater dose of the beta blocker to achieve the 
desired degree of cardiac relaxation. 


Remember, seven 
days wi†hou† 
exercise makes 
one wedkl 


" In Perspective 


erhaps nowherc ¡s the impact of chemistry on society more evident than 

in the development ofdrugs. On the whole, drugs have increased our Life 
span and improved our quality of living. They have also presented us with a 
number ofethical and social questions. Should an abortion pilÏ such as mifepri- 
stone be allowed? How do we care for an expanding elderly population? What 
drugs, iŸany, should be permissible for recreational use? How do we deal with 
drug addiction—as a crime, as a disease, or both? As we continue to learn more 
about ourselves and our iÌÌs, we can be sure that more powerful drugs will 
become available. All drugs, however, carry certain risks that we should be 
aware of. As most physicians would point out, drugs offer many benefits, but 
they are no substitute for a healthy lifestyle and preventative approaches to 
medicine. 
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'KEY TERMS 
Synergistic efect Cne drug enhancing the effect of 
another. 


Lock-and-key model A model that explains how 


drugs Interact with receptor sIt€s. 


Combinatorial chemistry The production ofa large 
number ofcompounds in order to increase the chances 
of ñnding a new drug having medicinal value. 


Chemotherapy The use of drugs to destroy pathogens 


without destroying the animal host. 


NÑeuron A specialized cell capable of receiving and 
sending electrical impulses. 


Synaptic cleft A narrow gap across which 
neurotransmitters pass either from one neuron to the 
next or from a neuron to a muscle or gland. 


Neurotransmitter An organic compound capable of 
activating receptor sites on proteins embedded in the 
membrane ofa neuron. 


| CHAPTER HIGHLIGHTS 


DRUGS ARE CLASSIFIED BY SAFETY, 
SOCIAL ACCEPTABILITY, ORIGIN, 
AND BIOLOGICAL ACTIVITY 


1. What are three origins of drugs? 
2. Are a drugs side effects necessarily bad? 
3. What ¡s the synergistic effect? 


THE LOCK-AND-KEY MODEL GUIDES CHEMISTS 
IN SYNTHESIZING NEW DRUGS 


4. In the lock-and-key model, is a drug viewed as the 
lock or the key? 


5. What holds a drug to its receptor site? 


6. What are most receptor sites made of 


CHEMOTHERAPY CURES THE HOST BY KILLING 
THE DISEASE 


7. Why do bacteria need PABA but humans can do 


without it? 
8. When is chemotherapy most effective aøainst cancer? 
9. What ïs cancer? 


10. How does methotrexate work? 


Psychoactive Said ofa drug that affects the mind or 
behavior. 


Neurotransmitter reuptake A mechanism whereby a 
presynapuc neuron absorbs neurotransmitters Írom the 
synaptic cleft for reuse. 


Physical dependence A dependence characterized by 

the need to continue taking a drug to avoid withdrawal 
symptoms. 

Psychological dependence A deep-rooted craving for 
a drug. 


Anesthetic A drug that prevents neurons from 
transmitting sensations to the brain. 


Analgesic A drug that enhances the ability to tolerate 
pain without abolishing nerve sensations. 


SOME DRUGS EITHER BLOCK 
OR MIMIC PREGNANCY 


11. How effective are birth control pilÏs at preventing 
pregnancy? 

12. How does the action of mifepristone differ from 
that of the progesterone-based birth control pill? 


THE NERVOUS SYSTEM IS A NETWORK 
OF NEURONS 


13. What are some of the things going on in the body 
when maintenance neurons are more active than stress 
neurons? 


14. Which neurotransmitter functions most in the 
brains reward center? 


15. What ¡is the role of GABA ¡n the nervous system? 
PSYCHOACTIVE DRUGS ALTER THE MIND 

OR BEHAVIOR 

16. What is neurotransmitter reuptake? 


17. Ofthe diferent psychoactive drugs presented ¡n 
this chapter, which act by blocking the reuptake of 


n€urotransmitters? 


18. What ¡s one mechanism for how caffeine stimulates 
the nervous system? 


19. Which neurotransmitter does nicotine mimic? 
20. Which neurotransmitter does LSI mimic? 


21. Is mariJuana better described as a drug that has few 
side effects or a drug that has many? 


22. What drugs enhance the action of GABA? 

PAIN RELIEVERS INHIBIT THE TRANSMISSION 
OR PERCEPTION OF PAIN 

23. What ¡s an anesthetic? 

24. What is an analgesic? 


25. Where are the major opioid receptor sites located? 
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26. What biochemical is thought to be responsible for 
the placebo effect? 


27. How does methadone work in treating opioid 
addiction? 

DRUGS FOR THE HEART OPEN BLOOD VESSELS 
OR ALTER HEART RATE 

28. What ¡s angina, and what is its cause? 


29. What role does nitrogen oxide play in the treat- 
ment ofangina? 


30. How does a vasodilator reduce the workload on the 
heart? 


ICONCEPT BUILDING @øsrciunrr BR (nrrkMrDiArr $ cxprrr 


31. ® \Why are organic chemicals so suitable for mak- 
¡ng drugs? 


32. ® Aspirin can cure a headache, but when you pop 
an aspirin tablet, how does the aspirin know to øo to 
your head rather than your big toe? 


33. 8 What advantages are there to synthesizing a nat- 
urally occuring medicine, such as taxol, in the labora- 
tory rather than isolating ït from nature? 


34. 4 How ¡s the laboratory method called combinato- 
rial chemistry similar to the search for drugs in nature? 


35.  Which ¡s better for you: a drug that is a natural 
product or one that ¡s synthetic? 


36. # When mighrt two drugs taken together not exert 
a synergistic effect? 


37. 8 Why is cancer treated most successfulÏy in its 
€arÏiest staøes? 


38. # Would formulating a sulfa drug with PABA be 
likely to increase or decrease its antibacterial propertles? 


39. Why do protease inhibitors work so well when 
used in conjunction with antiviral nucleosides? 


40. 8 hy do some antiviral agents exhibit anticancer 
actIvity? 

41. About 60 million women use birth control pIlls, 
which when taken correctly are about 99 percent effec- 
tive in preventing pregnancy. Build an argument for 
whether such pills have had a major or a minor impact 
on the growth ofthe human population, which now 
stands at more than 6 billion. 


42. WVhat is an advantage of synaptic clefts between 
neurons rather than direct connections? 


43. How does a neuron maintain an eÌectric poten- 
tial difference across its membrane? 


44. ® NWhat are the symptoms that a person§ stress 
neurons have been activated? 


45. Why do so many stimulant drugs result in a 
depressed state after an initial high? 


46. ® How ¡sa drug addicts addiction similar to our 
necd for food? How ¡s ít different? 


47.  Nicotine solutions are available from lawn and 
garden stores as an insecticide. Why must gardeners 
handle this product with extreme care? 


48. 8 Seeds ofthe morning ølory plant contain the 
natural product lysergic acid, and yet they are only 
marginally hallucinogenic. hy? 


49. # Suggest why withdrawal symptoms are observed 
after repeated use of MIA but not after rebeated use of 
LSD. 


50. 8 WVhy do heavy drinkers have a greater tolerance 
for alcohol? 


51. ® One of the active components of marijuana, 
A7-tetrahydrocannabinol, is available as a prescription 
drug under the trade name Marinol, which ¡s taken 
orally. What advantage and what disadvantage does 
Marinol hold for a person suffering from nausea? 


52.® A variety of gaseous compounds behave as gen- 
eral anesthetics even though theïr structures have very 
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little in common. Does this support the role ofa recep- 
tor site for their mode ofaction? 


53. 6 How mipht the structure of benzocaine be mod- 
iffed to create a compound having greater anesthetic 
p†Operties? 


54. # Atone time, halothane, CF;CHBrCI, was widely 
used as a general anesthetic. Suegest why Its use is now 
banncd. 


55. 8 Which ¡s the more appropriate statement: Cpi- 
oids have endorphin activity, or endorphins have opioid 
activity? Explain your answer. 


¡ ĐISCUSSION QUESTIONS 


61. Alcohol-free and caffeine-free beverages have been 
quite successful in the marketplace, while nicotine-free 
tobacco products have yet to be introduced. Speculate 
about possible reasons. 


62. Would making tobacco illegal help or hurt people 
trying to kick the habit ofusing tobacco products such 
as cigarettes? hat unintended consequences might 
arise from the prohibition of tobacco? Hlow can socIety 
best dissuade people from picking up the tobacco habit? 


63. Within the United States beginning in 1914, drug 
abuse has been viewed by government as criminal 
behavior. Advances in medicine, however, show the 
complexity of drug abuse, leading people to believe ït 
should be viewed and treated as a disease. This view 
supgests that education and medical treatment, not 
fñnes and jail sentences, should be the major weapons 
combating drug abuse. Assume this newer view is the 
predominanrt legal one, and prioritize where you think 
resources should be spent to help alleviate drug abuse. 
Under what circumstances do you think a drug user 
should be incarcerated? 


64. Worldwide, tuberculosis and malaria are far øreater 
killers than AIDS. Why, then, does there seem to be 
more ofa focus on AIDS and AIDS prevention? 


65. Research suggests that skin loses its fexiblity as we 
get older because of how sugar molecules are able to 
bind to the skin protein called collagen. New classes of 
drugs that prevent this from happening and are even 
able to reverse the process may hit the market within a 
decade, promising a long-lasting youthful look for 
everyone. Should such drugs be sold as prescription or 
over-the-counter medicine? Nhat 1ƒ there is a minor side 


56. hy ¡s mcthadone not very useful in the treat- 
menrt of cocaine addiction? 


57. ® Nhat are the problems associated with a buildup 
ofplaque on the inner walls ofblood vessels? 


58. @ How is psychological dependence distinguished 
from physical debendence? 


59. ® Disunguish berween a beta blocker and a calcium- 
channel blocker. 


60. # A person may feel more relaxed after smoking a 
cigarette, but his or her heart is actually stressed. hy? 


effect, such as increased susceptability to infections, or a 
major side effect, such as a weakening of heart tissue? 
Nhat ¡f there are no significant side effects except for a 
doubling of the average life span of humans? 


66. Why might someone ñnd it more challenging to 


take a drug for a menral ilÏness versus a physical ilÏness? 


67. The “just say no” to drugs campaign was widelÌy 
publicized in the 1980s and 1990s. Should this cam- 
paign be reimplemented? ÑWhy or why not? 


68. Should citzens of the United States have the ripht 
to buy prescription drugs from Canada at competitive 
prices? Why does the U.S. federal government discour- 
age such a practice? 


69. According to Families USA (FamiliesUSA.org), 
large pharmaceutical companies spend about $45 bil- 
lion each year on marketing expenses and about $19 bil- 
lion cach year on drug research. According to the Phar- 
maceutical Research and Manufacturers of America 
(PhRMA.org), these companies spend about $21 billion 
cach year on marketing and about $33 billion cach year 
on drug research. Identify the biases each of these organ- 
Izatlons may have In reporting these estimates. Who do 
you think might be more believable? hat might be 
done to encourage pharmaceutical companies to dedi- 
cate more money towards drug research? 


70. Should you be permitted access to any drug that 
might save your lifc? What ifyou had no health insur- 
ance and could not aford the drug? What ifyou were 
an impoverished citizen of Bangladesh? What should be 
the moral, social, and economic responsibilities ofa 
company that develops and produces pharmaceuticals? 


'HANDS-ON CHEMISTRY INSIGHTS 


DIFFUSING NEURONS 


Because molecules slow down with decreasing tempera- 
ture, the rate at which neurotransmitters are able to difˆ 
fuse across the synaptic cleft decreascs with temperature. 
Thịs 1s one of the reasons cold-blooded animals become 
slugeish at colder temperatures. Ás neurotransmitters 
take longer to diffuse across the synaptic cleft, the rate at 
which nerve signals can reach target muscles slows down. 

WWhen stuck outside in the cold without adequate 
clothing, you may fnd your extremities becoming 
numb and your muscles slugeish. This isnt just because 
ofa decrease in the rate of diffusion in your synaptic 
clefts. Your body responds to cold by diverting blood 
from your extremities to your internal organs. The speed 
Of neuron transmission, however, depends on blood 
supply. As the blood supply diminishes, neurons Ìose 
out on needed oxygen and nutrients and thus begin to 
shut down. The result isa numbing effect or Ïoss of 
muscle control. The same thing happens to your foot 
after you ve been sitting on ït for too long and ït has 
“gone to sleep.” lce packs work by the same mechanism. 

Most but not alÏ neuron connections rely on the pas- 
Saøe Of neurotransmitters across a synaptic cleft. The 
neurons that connect to muscles controlling eye move- 
ment, however, are different in that they have what are 
called elecfr7cal syapses, which are direct connections 
between the neurons and the muscles (thereS no øap). 
The high speeds of these direct connections provide for 
eye motion that is quick and jerky—a useful trait. Some 
ñsh have electrical synapses in their tails, an arrange- 
ment that provides for rapid escape from predators. 

As an interesting aside, you miehr fínd that the 
descending drop offood coloring in this activity resem- 
bles a neuron, complete with knoblike synaptic terminals. 


EXPLORING FURTHER 


www.usdoj.eov/dea 


8 Hơze page for the Drug Enforcement A¿bministration, the 
leadl fedleral agenc) ƒ0r the eni[0rccment 0ƒ uarcotics and 
coitrolled-substannce latus amál regulatTionis. Ï be 4gencJ3 Đri- 
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074 7$ the long-ter?n i08w1obilization 0ƒ1uajor drug traƒJicÊ- 
1g 0ga1nisatlonis throtueb the JAllữne 0ƒ their lea¿le1s, feFWi- 
11101 0ƒ 1etT tr4[Jicing 1uetUorks, an selzure oƒ their 
AssefS 10 0rer t0 suort [lurtber €[OrCeelnf ACHU/EeS. 


www.nida.nih.gov 


M A1/r/mary mision 0ƒthe NaHonal luititute on Drug Abse 
ñs to £0S1© that scieince, ?of 1⁄le0loey or anecdote, ƒorms the 
J0uukuton [0v owz 0at1o0113 dưng abuse bolicies. Tí 10€bsife 
¡3 Aesientcdl to eisure the rap1dl aldl c[ƑÈCI7Ue tranlšƒ€? 0ƒSci- 
enwtifc diata to bolcy makers, bealtb care pracHHioners, andl 
te general pubẲc. 


www.norml.org/ 


M S7ce 7s fowzdling ín 1970, the NaHonal Organization to 
Relori \ũarJuana Latus bas been the principal nadonal 
adUocate for legalizig 1mar/Juana. TodáyÌNORML sểrues 
4s the uzÐrclla group [or a nationtal neHUorÈ 0ƒ 4cfi0isfS 
c07117tted to cnvl1ng ruariJuana probibitioni. 


'WWW.CAIC€T.OTE 


M 10e lzerican Cncer Socief) bas bcen the leadÍ 0rganizaion 
1 tbe [igb† ag41111Sf cancef since 1s 1nception in the earl) 
1900. 4t thị s/te, yơw t0ilÏ fmál inƒortmation on the bistory 
0ƒour 10wlerst4anil71g 0ƒ cancer as tU€ÏÏ aš 1H0?1Af100 regA0vl- 
?ng the latest treattuenis {or the dljƒ[Prent [0103 0ƒ cancer. 


WWW. americanheart.org 


8 Explozc the s/ie 0ƒ the Almerican Hleart ssociation to learn 
about earl tuarning signs 0ƒ beart dlisease and about tubat 
ow cai đo to decrease Jour ris&. Ì bí site ïs 4 @00đÍ pÏ⁄4(c€ to 
start researcbing the statistics 0ƒ heart disease and latest 
tren 1 Dea†t researcb. 


www.Ìungusa.org 


Ml 77⁄4 s/e f0? 0e Âzncrican Lưng Ảsociation can led you to 
/ƒorruaton about all kin¿k oƒ lung clisease, te Ai† J01 
breatJe, aiivl đUe'lis 4ml séFUices 1 Jour area. Since 1 904, the 
Aatsoci2tion bas tuorEeil to ƒtebt lung cliseasẻ by belpi7ig people 
quit smoking, ƒtuvling †esearcb, 1jĐr0Uing 00wáloo a014Í ouf- 
door ai qualit), andl educating 1wiÏlionis abowt astb4. 


THE CHEMISTRY OF DRUGS 


Visit The Chemistry Place at: 
WWWw.aw-bc.com/chermmplace 
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FROM THE GOOD EARTH 
# 


Each year, about soo,ooo chỉildren in developing countries 
become irreversibly blind because of a deficlency of vitamin A. 
In an effort to stop this tragedy, scientists recently created a 
new strain ofrice enriched in the orange pigment B-carotene, 
which the body uses to make vitamin A. The amount of 
B-carotene ïn this rice gives the rice a golden hue. Current 
plans are to provide this golden rice free of charge †o farmers 
in developing nations, such as Vietnam and Bangladesh, 
where the need 1s greatest. 

Developing a new strain of a crop to meet our nutritional 
needs is nothing new. Most of our major crops are the result 
of centuries, ïf not millennia, of selective breeding, a process 
whereby plants that offer more nutritional value are selec- 
†ively bred over ones of less nutritional value. Today's potato 
plant,for example, was once a small, wild shrub with tiny but 
nutritious root nodules growing ïn the Andes of South Arner- 
ica. What is different about golden rice is that ït was created 
over a singÌle generation, by inserting genes from a daffodil 
and a bacterium into the DNA of a strain of rice. Golden rice 
is therefore an example of a transgenic plant——one in which 
genes of different species have been artificially combined. 

This chapter is a showcase of the chemistry involved in the 
production of food, primarily the food derived from plants, 
which feeds both us and our livestock. Along the way, you wIlÌ 
be introduced to many of the fundamental concepts of 
agriculture, which may be loosely defined as the organized 
use of resources for the production of food. Special attention 
is paid to chemistry-related aspects of agriculture, sụch as 
soil composition, fertilizers, and pesticides. Also discussed are 
many of the new approaches to agriculture, including the 
creation of transgenic crops, which offer rmnany advantages 


but also require our careful consideration. 
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® 1s.1 Humans Eat at All Trophic Levels 


he formation of food begins with ø/øzøsyzjes/s, the biochemical process 
used by plants to create carbohydrates and oxygen from solar energy, 
water, and atmospheric carbon dioxidc: 


Sunligh 
6 CO; +6 H,O “— C/H,;O,+6O, 


Carbon WWater Carbohydrate (Oxygcn 
dioxide 


Each day, only about I percent of the solar energy reaching Earth5 surface is 
uscd in photosynthesis. On a global scale, this is enough to produce 170 billion 
tons oforganic material per year. The energy content in this amount of organic 
matter is the total annual energy budget for virtually all living organisms. 

The route food energy takes through a community of organisms is deter- 
mined by the communityS trophic structure, which ¡s the pattern of feeding 
relationships in the community. Trophic structures, also known as 9ø cb4773, 
consist of a number of hierarchical levels, shown in Figure 15.1. The first 
trophic level is producers, most of which are photosynthetic organisms that use 
light energy to power the synthesis of organic compounds. Plants are the main 
producers on land. In water, the main producers are photosynthetic organisms 
known as øjy/øplzn»Èføz (pbyfo- means “plants”). 

Producers support all other trophic levels, collectively called consumers. 
Organisms that consume producers are 2z722zyconsumers. These are herbivores 
(“grass-eaters”), such as grazing mammals, most insects, and most birds. The 
primary consumers in aquatic environments are the many microscopic organ- 


FIGURE 15.1 


Terrestrial and marine trophic 
structures. Energy and nutrients 
p2ss through the trophic levels 
when one organism feeds on 
another. The shaded blocks rep- 
resent the amount of enerey 
transferred from one trophic level 
to the next. 
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isms collectively known as zøøø/2ø#/øz. Above the primary consumers, the 
trophic levels are made of ez7z/ores (“meat-eaters”), each level eating consumers 
from lower levels. Secondary consumers eat primary consumers, tertiary con- 
sumers eat secondary consumers, and quaternary consumers eat tertlary con- 
sumers. Any organism that dies before being eaten becomes subject to the action 
of decomposers, organisms that break down organic material into simpler sub- 
stances that then act as soil nutrients. Common decomposers are earthworms, 
Insects, fung1, and microorganisms. 

With cach transfer of energy from one trophic level to the next, there is a Sip- 
nificant loss of energy. Iypically, not more than 10 percent of the energy con- 
tained in the organic material oF one trophic level is incorporated ¡into the next 
higher level. The availability of food energy is therefore greatest for the organ- 
isms lowest on the food chain. A grasshopper, for example, will ñnd many more 
blades of grass to feed on than a Rñeld mouse wilÏ find grasshoppers. And the field 
mouse will fnd more grasshoppers than a snake will nd field mice. This dwin- 
dling supply offood resources quickly limits the number of trophic levels, whích 
rarely exceeds the quaternary level. Accordingly, the higher the trophic level, the 
smaller the possible population oÊorganisms. 

Wc humans cat at all trophic levels. hen we eat such things as Íruits, vep- 
etables, or the prains shown in Figure 15.2, we are primary consumers; when we 
at beef or other meat from herbivores, we are secondary consumers. hen we 
eat fsh like trout or salmon, which eat insects and other small animals, we are 
tertiary or quaternary consumers. Qur great and growing numbers, however, are 
possible only because of our ability to eat as primary consumers. 

Eating meat is a luxury. For the people who will eat the chickens shown in 
Figure 15.3, for instance, the amount of biochemical energy they will obtain 
from eating the chickens is minuscule compared with the amount of biochemi- 
cal energy used in raising the chickens. In the United States, more than 70 per- 
cent of grain production ¡s fed to livestock. Producing meat therefore requires 
that more land be cultivated, more water be used for irripation, and more Íer- 
tilizers and pesticides be applied to croplands. If people in the United States ate 
10 percent less meat, the savings in resources could feed 100 million peoplel As 
the human population expands, ít is likely that meat consumption wilÍ become 
even more ofa luxury than it is today. 


_FIGURE 15.2 


Most people are prImary con- 
sumers, with a diet consisting 
primarily of grains. 


_FIGURE 15.3 


In affluent countries, eating meat 
is quite common. In the United 
States, for example, chickens out- 
number people 44 to I. 


PP =———— 


z Off the coast of Newfoundland, 


Canada, the ocean remains rela- 
tively shallow for hundreds of 
miles in an area known as the 
Canadian Crand Banks. For cen- 
turies, the Grand Banks have 
been known for thriving fish pop- 
ulations, especially cod, a tertiary 
consumer with a life span of 
about 25 years. The cod were once 
so plentiful that boats had trou- 
ble pushing through them. By the 
198os, overfishing had removed 
the bulk of sexually rmature 
adults. Furthermore, trawling of 
the floor of the Crand Banks 
destroyed vital habitats. By 1993, 
the cod were depleted to the 
poïnt that the fishery industry 
there collapsed, throwing some 
4O,Ooo people out of work. A 
moratorium on cod fishing 
remains but cod stocks have yet 
†o recover. A similar situation is 
now occurring ïn the North Sea 
of Europe. 

MORE TO EXPLORE: 
Monterey Bay Aquarium 
WwWw.mbayadq.org/cr/ 
cr_seafoodwatch/sfw_ofasp 


522 


CHAPTER 15 


OPTIMIZING FOO 


D PRODUCTION 


P—... 


The orca killer whale eats both sharks and phytoplankton-feeding gray 
whales. In which case †s the orca eating at a higher trophic level? 


Was thỉs your answer? Sharks feed on fish and marine mammals, which 
makes them secondary, tertiary, or quaternary consumers. Phytoplankton- 
feeding gray whales, however, are prïmary consurners.When an orca feeds 
on a shark, ït is eating at a higher trophic level than when it feeds on a gray 
whale. 


%® 1s.2 Plants Require Nutrients 


lant material consists primarily of carbohydrates, which are made of the 
elements carbon, oxygen, and hydrogen. Plants get these three clements 
from carbon dioxide and water, but the soil in which the plants live also provides 
many other elements vital to their survival and good health. Table 15.1 lists 
these nutrilents as 7Z/zøzz/z/ez/z, those needed ¡in large quantities, and 
77cro?r/ezs, those needed only in trace quantities. Some micronutrients are 
necded in such trace quantities that a plants lifetime supply ¡s provided by the 
seed from which the plant grew. 


PLANTS UTILIZE NITROGEN, PHOSPHORUS, AND POTASSIUM 
Plants need nitrogen to build proteins and a variety of other biomolecules, such 


as cð/øropbyÏ, the green pigment responsible for photosynthesis. As Table 15.1 
shows, plants are able to absorb nitrogen from the soil in the form ofammo- 
nium ions, NH¿', and nitrate ions, NO. Eigure 15.4 shows the naturaÏ sources 


TABLE 15.1 ESSENTIAL ELEMENTS FOR MOST PLANTS 


Relative Number of lons 


Element Form Avaïlable to Plants †n Dry Plant Material” 
Macronutrients 

Nitrogen,N NO.”,NH„* 1,OOO,OOO 
Potassïium, K k* 250,OOO 
Calcium, Ca cac< 125,OOO 
Magnesium,Mg Mg”” 8o,ooo 
Phosphorus,P FPOoFEO 6o0,OOO 
Sulfur, S SG 30,OOO 
Micronutrients 

Chlorine, C] CT- 30OO 
lron, Fe E6 Fe 200O 
Boron, B H,BO.ˆ 200O 
Manganese, Mn Mn?* 1OOO 
Zinc,Zn XTÌ” 300 
Copper, Cu Cu”,Cu”” 10O 
Molybdenum,Mo MoO,”> 1 


*Measured relative to rmnolybdenum = 1. 
Source: Frank Salisbury and Cleon Ross, Plant Physiology. BelImont, CA: Wadsworth,198s. 
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FIGUR E 15.4 


Two pathways for nitrogen fxation, a source of nitrogen for plants. (a) Both free- 
living bacteria in the soil and microorganisms in root nodules produce ammonium 
lons. (b) Lightning provides the energy needed to form nitrate ions from atmos- 
pheric nitrogen. 


of nitrogen for a plant. The two reactions shown there are examples of nitrogen 
fñxation, which ¡s deñned as any chemical reacuon that converts atmospheric 
nitrogen to a form of nitrogen that plants can use. The two most common 
forms are anmonium ions and nitrate ions. 

Most of the ammonium Ions in soil come from nitrogen fxation carried out 
either by bacteria living in the soil or by microorganisms living in root nodules 
of certain plants, especially those of the legume family, including clover, alfalfa, 
beans, and peas (plants generally called ø7zøøgew Øxez3). These microorganisms 
pOssess the enzyme nitrogenase, which catalyzes the formation oFammonium 
ions from atmospheric nitrogen and soil-bound hydrogen ions, as Figure 15.4a 
shows. 

Nitrogen ñxation also results, to a lesser extent, from the action of lightning 
on atmospheric nitrogen (Figure 15.4b). The high energy of the lightning ¡s suf- 
Ñclent to Initiate the oxidization ofFatmospheric nitrogen to nitrate Ions, which 
are then washed into the soil by rain. 

In a natural setting, nitrogen fñxation is the original source ofammonium and 
nitrate ions in the soil. Most ofthis ñxed nitrogen, however, is recycled from one 
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_= Plants readily absorb potassium 
ions, but they have a Ìow toler- 
ence for sodium ions, which they 
actively pump out of theiïr sys- 
tems. Interestingly, all living cells, 
not just plant cells, have a low 
tolerance for sodium ions and 
therefore have evolved mecha- 
nisms for pumping them out. As 
was shown ïn Figure 14.18, a neu- 
ron pumping out sodium ions 
sets the stage for a nerve 
impulse. Bundles of nerve 
impulses ultimately lead to con- 
scious thought. From a macro- 
scopic perspective, plants and 
animals are significantly differ- 
ent. On a deeper submicroscopic 
level, however, their chemistries 
are much the same. In other 
words, plants and animals are 
more closely related than one 
might initially think. 

MORE TO EXPLORE: 
Murray Nabors, “Introduction to 
Botany." San Francisco: Benjamin- 
Cummings, 2004. 
WWW.aw-bc.com 
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organism to the next. After a plant dies, for example, bacterial decomposition of 
the plant releases ammonium and nitrate ions back into the soil, where these 
lons become available to pÏlants that are still living. 


Why are the seeds of nïtrogen-fixing plants, such as soybeans and peanuts, 
unusually high ïn protein? 


Was this your answer? Plants use nitrogen to build proteins. Nïtrogen- 
fixing plants assimilate a lot of nïitrogen and so produce proteins in large 
quantities. 


Plants deficient in nitrogen have stunted ørowth. Because nitrogen is needed 
for making chlorophyll, another symptom of nitrogen deficiency in plants ¡s ycÌ- 
low leaves, as Figure 15.5a shows. The yellowing ¡s most pronounccd in older 
leaves—younger ones remain øreen longer because soluble forms of nitrogen are 
transported to them from older, dying leaves. 

Plants need phosphorus to build nucleic acids, phospholipids, and a variety 
of energy-carrying biomolecules, such as ATTP. All phosphorus comes to plants 
¡n the form of phosphate ions. The major natural source of these ions ¡s eroded 
phosphate-conraining rock. Significant amounts of phosphates are also recycled 
as organisms die and become incorporated ¡into the soil. After nitrogen, phos- 
phorus is most often the limiting element in soil. Phosphorus-defcient plants 
are stunted, as Figure 15.5b shows. 

Potassium Ions activate many of the enzymes essential to photosynthesis and 
respiratlon. Às with phosphates, the major natural sources of potassium Ions are 
eroded rock and the recycling of potassium ions from decomposing plant mate- 
rial. After nitrogen and phosphorus, soils are usually most deficient in potas- 
sium. Symptoms oỂ potassium deficiency include small areas of dead tissue, 
usually along leaf tips or edges, as shown in Figure 15.5c. As with nitrogen and 
phosphorus, potassium ions are easily redistributed from mature to younger 
parts of the plant, and so defcilency symptoms frst appear on older leaves. 
WWhen cereal grains, such as wheat or corn, are potassium-defcient, they develop 


FIGURE 15.5 


(a) The leaves o nitrogen-deRcient plants turn yellow prematurely. (b) Phosphorus 
deficiencies are marked by stunted growth. (c) The leaves of potassium-deficient 
plants develop dead areas, here seen as the pale yellow region along the leaf 
p€rimeter. 
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weak stalks and theïr roots become more easily infected with root-rotting organ- 
isms. These two factors cause potassium-deRcient plants to be easily bent to the 
ground by wind, rain, or snow. 


PLANTS ALSO UTILIZE CALCIUM, MAGNESIUM, AND SULFUR 


Both calcium and magnesium are absorbed by plants as the positively charged 
calcium and magnesium Ions, Ca”' and Mg”, and sulfur is absorbed as the neg- 
atively charged sulfate ion, SO„7ˆ. Most topsoils contain enough of these ions 
for adequate plant growth. 

Calcium Ions are essential for building cell walls. Once absorbed by the plant, 
calcium ions are relatively immobile; that is, they do not travel welÏ from one 
part of the plant to another. The plant therefore is not so capable of reallocating 
calcium supplies in times of need. This is why new-growth zones, such as the 
tips Of roots and stems, are most susceptible to calcium deficiencies. The results 
are twisted and deformed growth patterns. 

Magnesium ions are essential for the formation of chlorophyll, which ¡s the 
green-pipmented molecule essential for photosynthesis. Chlorophyll houses a 
magnesium ion at the center ofa structure called a porphyrin ring, as shown in 
Eigure 15.6. Besides its presence ¡n chlorophyll, magnesium is essential because 
it activates many metabolic enzymes. [eficiencies in magnesium, which are 
rare, result in yellow leaves because the plant is unable to generate chlorophyll. 

Most of the sulfur in plants occurs in proteins, especially in the amino acids 
cysteine and methionine. Other essential compounds that contain sulfur are 
coenzyme A, a compound essential for cellular respiration and for the synthesis 
and breakdown of fatty acids, and the vitamins thiamine and biotin. Sulfur can 
be absorbed by leaves as gaseous sulfur dioxide, SO¿;, an environmenral polu- 
tant released from active volcanoes and from the burning oÊ wood or fossil 
fuels. 
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Porphyrin ring 
system of chlorophyll 
molecule 


FIGURE 15.6 


| Magnesium ions in the green pigment chlorophylÏ are vital to photosynthesis. 
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_FIGURE 15.7 


- The vertical structure of soil ¡s a 
_ series of layers called soil hori- 
ZOn§. 


Plants require more calcium and magnesium than phosphorus and potas- 
sium,and yet deficiencies of calcium and rmnagnesium are rnuch more 
infrequent than deficiencies of phosphorus and potassïum. How can thỉs 
be so? 


Was thỉs your answer? The potential for nutrient deficiency depends not 
only on the amount of nutrient needed but on the nutrient's availabilïty. Cal- 
cium and magnesium are abundant in most soils, but phosphorus and 
potassïum are not. Deficiencies of phosphorus and potassium therefore 
tend to be more frequert. 


% 1s.3 Soïl Fertility Is Determined by Soïl Structure 
and Nutrient Retention 


oil is a mixture of sand, silt, and clay. All three of these components are 
ground-up rock, and the differences are ¡n how finely the particles are 
ground. Sand particles are the largest, and clay particles are the smallest. 

Soil often occurs as a series of horizonral layers called soil horizons, shown 
in Figure 15.7. The deepest horizon, which lies just above solid rock, is the szz- 
trar„z, which 1s rock just bepinning to disintegrate into soil by the action of 
water that has seeped down to this level. No growing plant material is found in 
the substratum. Above the substratum ¡s the szsø//⁄ which consists mostÌly of 
clay. Only the deepest roots penetrate into the subsoil, which may be up to l 
meter thick. Above the subsoil is the zøøsø7/⁄, which lies on the surface and varies 
¡n thickness from a Íew centimeters to up to 2 meters. The topsoil usually con- 
tains sand, silt, and clay in about equal amounts. This ¡s the horizon where the 
roots of plants absorb most of their nutrients. 

Fertile topsoil is a mixture of at least four components—mineral particles, 
water, air, and organic matter. The mineral particles are the particles of sand, siÏt, 
and clay. Many of the nutrients plants need are released as these particles are 
formed from the erosion of rock. The size of the particles øreatly affects soil fer- 
tility. Large particles result in porous soil that has many pockets of space that 
collect water and air—up to 25 percent of the volume of fertile topsoil consists 
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Subsoil 


Substratum 
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of pockets. Roots absorb water and the oxygen from the air in these pockets. 
Small particles pack tightly together, so that none or only very Íew alr pockets 
are present, and as a result there ¡s little or no oxygen or water available to roots. 
Thịs is why plants do not grow well in clay soils. Figure 15.8 compares these two 
extremes of soIÏ. 

The organic matter in topsoil is a mixture of fallen plant material, the 
remains of dead animals, and such decomposers as bacteria and fungl, as Fipure 
15.9 illustrates. This organic matter ¡s called hưmus, and ït ¡s rích in a variety 
of plant nutrients. Humus tends to be porous, giving roots access to subter- 
ranean water and oxygen. Ít also binds the soil, helping to prevent erosion. 

The fow of water through soil ïs called ørcølzz7øøz. The more porous the soll, 
the greater the rate of percolation. With excessive percolation, owing water 
removes many water-soluble nutrients needed to make the soil productive. This 
process Is known as /2c7ø. With too little percolation, topsoil becomes water- 
logged, choking offa plants supply of oxygen. Soils with optimal percolation 
drain water from all but the smallest air pockets. 


SOIL READILY RETAINS POSITIVELY CHARGED IONS 

Mineral particles play an importanr role in keeping nutrients in soil. As Table 
15.1 shows, many plant nutrients are positively charged ions. The surface of 
most mineral particles, however, is negatively charged. Figure 15.10 ¡llustrates 
how the resulting ionic attractions help keep nutrients from being washed away. 
The degree of nutrient retention is most pronounced ¡n clay soils because these 
mineral particles are the smallest ones and thus have the largest surface area rel- 
ative to volume. 

Decaying matter in humus contains many carboxylic acid and phenolic 
groups, which at a typical soil pH are ionized to negatively charged carboxylate 
and phenolate ions. So, like mineral particles, humus helpbs retain positively 
charged nutrients. 


Surface litter: 
fallen leaves, 
partially decomposed 
Organic matter 


Topsoil: 

Organic matter, 
living organisms, 
rock particles 


FIGURE 15.9 


Organic matter and living organisms are important components of topsoiÏ. 


Space collects 
water and air 


FIGURE 15.8 


Large soil particles create larger 
pockets of space than do smaller 
soil particles. 


| 
Ants breakupand . 
aerate soil. ị 


Earthworms break up 
and aerate soil. 


Fungi decompose 
Organic matter. 


Bacteria decompose 
Organic matter. 


Bacteria fix nitrogen. 
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-_ Positively charged 
nutrient ions 


_FIGURE 15.10 


The negatively charged surfaces of soil mineral particles and humus heÏp retain posi- 
tively charged nutrient ions. 


cK 


Why ïs soïl able to retaïn ammonium ions, NH„*, better than nitrate 
ions,NO.ˆ? 


Was thỉs your answer? Mineral particles and bits of humus ïn soiÏ are nega- 
†ively charged and therefore hold on to positively charged ammonium ions 
but repel negatively charged nitrate ions. 


The pH ofsoil ¡s largely a function of the amount of carbon dioxide present. 
Recall from Section 10.4 that carbon dioxide reacts with water to form carbonic 
acid, which ¡n turn forms hydronium Ions: 


H Ì H | 

s C ⁄ C 
=_ sa HO“ `OH+O —> HOT `O- + H,O† 

H H 


Carbon dioxide Water Carbonic acid Water Bicarbonate ion Hydronium ion 
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(2) CO; reacts 


with HO, 
forming 
H;COa. 


@) H;CO; reacts with HO, 
forming HCOz~ and HzO”. 


(42) HOT displaces nutrient 
ion (KT shown), which is 
then available to root. 


Œ) Root releases CO›. 


By releasing carbon dioxide, a plant guarantees a steady flow of nutrients from the 
SOIÏ tO 1tS rOOtS. 


The greater the amount ofcarbon dioxide ïn soil, the more hydronium Ions and 
so the lower the pH. Soil that has a low pH ¡s referred to as s2zz. (Recall from 
Chapter 10 that many acidic foods, such as lemon, are characteristically sour.) 
Two main sources of soil carbon dioxide are humus and plant roots. The humus 
releases carbon dioxide as ¡t decays, and plant roots release carbon dioxide as a 
product of cellular respiration. A healthy soil may have enouph carbon dioxide 
released from these processes to give a pH range from about 4 to 7. If the soil 
becomes too acidic, a weak base, such as calcium carbonate (known as lime or 
limestone), can be added. 

Hydronium iñons are able to displace nutrient ions held to mineral particles 
and humus. Plants use this fact to øreat advantage. Figure 15.11 illustrates how 
a plant releases carbon dioxide throuph its root system and in doing so øenerates 
nutrient-displacing hydronium ions. The displaced nutrients, no longer 
attached to soil particles, thus become available to the plant. 


How mnight a below-normal pHïm soïl lead to nutrient deficiencies ïn 
plants? 


Was thỉs your answer? When the soïil pH is below normal, the water ïn the 
sơïl pockets contaïns an abundance of hydronïium ions, which displace large 
numbers of nutrient ions from soï] and humus particles. Most of these 
nutrients wash away before the plant is able to absorb them. In a short time, 
the sơils are depleted of nutrients, and the plants become nutrient-deficient. 
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Oou can measure the pH of soi] 

sarmnples using the red-cabbage 

pHindicator introduced in 
Chapter 1o. 


WHAT YOU NEED 


1 cup of soil, water,concentrated red- 
cabbage pH indicator (see page 345), 
oven baster with suction bulb, cotton 
balls, chopstick or metal skewer, two 
drinking glasses 


PROCEDURE 


1. Saturate the soil with water, mak- 
ing a thin mud sÌurry. Stir the 
slurry and then allow ït to settle 


YOUR SOIL*S PH—A QUALITATIVE MEASURE Ï 


.. Remove the bulb from the baster 


and stuff several cotton balls into 
the top end of the baster. Use the 
chopstick or skewer to compact 
the cotton toward the narrow end 
of the baster. Pour the water from 
the settled soïl into the top of the 
baster. Attach the bulb and 
squeeze the liquid through the 
cotton and into one of the gÌasses. 
lf the filtered water is stiÏl brown 
or cloudy, repeat the filtering, 


using clean cotton balls each time. 


._ Add to the second glass as much 


fresh water as there ïs filtered 
water in the first glass. Add equal 
amournnts of the pH indicator to 


You rnight want to test soil sam- 
ples from several different sites and 
compare your results. 


until about 1 centimeter of water 
appears above the soïl. lf this top 
layer of water does not appear, 
add more water, stir, and alÌlow for 
further settling. 


the two g]asses. Cornpare colors, 
recalling from Chapter 1o that a 
deeper red color rmmeans greater 
acidity and that green indicates 
alkaline. 


% 15.4 Natural and Synthetic Fertilizers Help Restore 
Soïl Fertility 


sa soil loses its plant nutrients to harvested crops and to leaching, it loses 
its fertility. Farmers amend soil by adding /£z/Z/zers, which are replace- 
ment sources for these lost nutrients. Naturally occurring fertilizers are compost 
and minerals. Compost ¡s decayed organic matter, which can be animal 
manure, food scraps, or plant material. Mineral fertilizers are mined. Saltbeter, 
NaNO;, for example, was once used extensively as a source of nitrogen, but by 
the late 1800s the supply of this nitrogen-containing mineral was almost 
exhausted. A new source of nitrogen for fertilizers came along in 1913, when 
Eritz Haber (1868-1934), a German chemist, developed a process for produc- 


¡ng anmonia from hydrogen and atmospheric nitrogen: 


ÂN 5g Nguy 2NH; 


Nitrogen Hydrogen Ammonia 
Thịs technique is now the primary means of producing ammonia, which can be 
stored in high-pressure tanks as a liquid and injected into the soil. Alternatively, 
the ammonia can be converted to a water-soluble salt, such as ammonium 
nitrate, NHưNO¿, that is then applied to the soil either as a solid or in solution. 
The mining of other nutrients, such as phosphorus and potassium, stilÏ remains 
an important endeavor. 

In times past, mineral fertilizers were used Just as they came from the ground. 


Today, however, chemists have learned how to mix and match minerals to 


15.4 NATURAL AND SYNTHETIC FERTILIZERS HELP RESTORE SOIL FERTILITY 531 


obrtain many different formulatlons, each suitable for a different soil problem or 
the specific requirements ofa particular plant. All these formulated mineral fer- 
tilizers are referred to as either ¿ðecalJ 4zuƒactureil [ertilzểrš or, more Íre- 
quently, syz/2e/c ƒer//7zers. Dontk take the word syzz#e/c literally, though, 
because except for what is produced by the Haber reaction, all the minerals in 
synthetuc fertllizers originally came from the ground. 

A fertilizer that contains only one nutrlent ¡s called a straight fertilizer. 
Ammonium nitrate, NH„NO¿, is an example ofa straight fertilizer, yielding only 
nitrogen. Any fertilizer containine a mixture of the three most essential nutrients 
(nitrogen, phosphorus, and potassium) ¡s called either a cøzz2/e/e ƒ£r7/7zer or a 
mixed fertilizer. All mixed fertilizers are graded by the N-P-K system, which lists 
the percent of nitrogen (N), phosphorus (P), and potassium (K) they contain, as 
Eigure 15.12 shows. A typical mixed fertilizer might be graded 6-12-12. A typical 
compost, by contrast, might be rated anywhere from 0.5-0.5-0.5 to 4-4-4. Com- 
post N-P-K ratings are much lower because of their high percentage oÊ organic 
bulk. This organic bulk helps to keep the soil loose for aeration, however, and 
also serves as food for beneficial organisms that live in the soil. Because of the 
negative electric charges it carries, the organic bulk also attracts positively charged 
nutrient ions, which are then not so readily leached away. 

The effect that nitrogen-containing synthetic fertilizers can have on yields is 
ilustrated in Figure 15.13. Ít requires a lot of energy to mine and reñne syn- 
thetic fertilizers, however, and so they are expensive. For example, of the total 
energy required to produce corn ¡in the United States, at least one-third ¡s 
needed to produce, transport, and apply the fertilizer. Nevertheless, synthetic 
fertilizers are widely used, and our present food supply depends on them. 


Which N-P-K rating would you expect for coffee grounds, which contain sig- 
nificant quantities of the alkaloid caffeïne: 2-.3-O.2, O.3-2-O.2, OT O.3-O.2-2? 


Ọ CHạ 
mi 8 4< 
DỊ lỆft) 
GIẾ THÀNH ấu, Xu 
ón, 


Caffeine 


Was this your answer? That caffeïne is a nitrogen-containing compound 
means that coffee grounds rnust contaïn a relatively high proportion of 
nïtrogen, as is indicated by their N-P-K rating of 2-o.3-o.2. 


_FIGURE 15.12 


Fertilizers are rated by the per- 
centages of nitrogen, phospho- 
rus, and potassium they contain. 
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FIGURE 15.13 


Between 1956 and 1972, world 
crop yields grew ¡n tandem with 
increases in the use of nitrogen 
fertilizers. 


) 


_ Kilograms per 


8N Crop yield tư Nitrogen fertilizer need 


* 1s.s_Pesticides Kill Insects,Weeds, and Fungi 


hiph-yield crop needs more than adequate nutrition. Ít also needs defense 
against a host of natural enemies, a few of which are shown ¡n Figure 
15.14. To control these pests, farmers can apply substances known as pesticides. 
There are several kinds of pesticides, including insect-killing insecticides, weed- 


killing herbicides, and fungus-killing fungicides. 


FIGURE 15.14 


Crop pests such as these threaten 
crop yields. 
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INSECTICIDES KILL INSECTS 


Most species of1nsects are beneficial or even essential to agriculture. Floneybees, 
for example, are responsible for the pollination of $10 billion worth of produce 
in the United States. Countless other species take part In nutrient recycling and 
help maintain soil quality. A small minority of insect spccies, however, has con- 
tinually threatened our capacity to grow, harvest, and store crops, and it is 
against these species that insecticides are used. The most widely used insecticides 
are chlorinated hydrocarbons, organophosphorus compounds, and carbamates. 

The elor/natedl hydrocarbøms have a remarkable persistence, kilÏing insects for 
months and years on treated surfaces. There are at least two reasons for this per- 
sistence. First, chlorinated hydrocarbons tend to be nonbiodegradable, which 
means there are no natural pathways to break them down chemically. Second, 
they are nonpolar compounds, which means they are insoluble in water and so 
are not washed away by rainwater. 

In 1939 there was a breakthroueh ¡in the ñeht against insect pests with the chem- 
ical synthesis of the chlorinated hydrocarbon DDT, shown ¡in Figure 15.15. Dur- 
¡ng the 1940s and 1950s, DIYT was applied liberalÏy to crops, resulting in markedly 
greater yields. In addition to protecting plants, DŨT protected people from dis- 
ease. Ït was applied to rivers, streams, and villages to help control the proliferation 
of mosquitoes, lice, and tsetse fies, which spread malaria, typhus, and sÌeeping sick- 
ness, respectively. According to the World Health Organization, by protecung 
against these diseases, DĐIYT has saved an esumated 25 million human Ïives. 

Insect populations began to develop a resistance to DDT within a few years 
of its frst application. Furthermore, DIT was found to be toxic to wildlife, 
including the natural predators of insects, such as birds. With fewer natural 
predators, DIYT-resistant insects were able to thrive. The early increased crop 
yields resulting from ID T use were therefore not sustainable. 

In the 1950s and 1960s, these and other negative aspects of DDT and other 
pesticides were broupht to the publics attention by a number o£ publications, 
including biologist Rachel Carsons book 57 $2z7zø. Through the use of 
poetry, Carson, shown in Figure 15.16, described the importance of under- 
standing the dynamics of ecosystems, most of which are highly sensitive to 
human activities. She also described a phenomenon known as bioaccumu- 
lation, whereby a toxic chemical that enters a food chain at a low trophic level 
becomes more concentrated in organisms hipher up the chain, as ilÏustrated in 
Figure 15.17. In bodies of water sprayed with DIYT, for example, smalÏamounts 
of the pesticide were ingested and stored ¡in the nonpolar lipids of aquatic 
microorganisms. Because these microorganisms serve as food for animals at 
higher trophic levels, DIYT became more concentrated in the body fat of these 
larger creatures. Predatory birds at the top of the chain accumulated the greatest 
amounts ofDIDT. Eventually, the elevated DILYT levels affected avian population 
numbers because the egøshelÌs ofaffected birds were too thin and fragile to sup- 
port the growing chick embryos. DIYT contributed to the decline of many bird 
populations and the near extinction o£some species ofosprey, hawks, eagles, and 
falcons. In the early 1970s, the United States and many other countries banned 
the use of DDT. Within a matter of years, many wildlife species in these coun- 
tries were aDÌ€ to reCOYer. 

Many chlorinated hydrocarbon alternatives to DIYT have been developed. 
One of the earliest substitutes was methoxychlor, shown in Eigure 15.18. This 
compound has a much lower toxicity in most animals and, unlike DDTT, is not 
readily stored in animal fat. Look carefully at the structures of methoxychlor and 
DDÏT, and yoưÌl see that they are identical except that methoxychlor has two 
cther groups where DI T has two chlorine atoms. Because the structures are 
nearly identical, they have nearly the same level of toxicity in insects. In higher 


FIGURE 15.15 


The chemical name for DDT ¡is 
dichlorodiphenyltrichloroethane. 


FIGURE 15.16 


Rachel Carson was a pioneer in 
the fight against excessive use of 
p€stIcides. 


534 CHAPTER 15 OPTIMIZING FOOD PRODUCTION 


DDT concentration 


j1” 


s Many nations still rely on DDT as 

an economiical method of con- 
trolling insects that carry human 
diseases. DDT can be most effec- 
tive in this manner, but not with- 
ouf† consequences. In Malaysia, 
for example, thatched roofs were 
once sprayed with DDT to kilÏ 
malaria-carrying mosquitos. | DDT in large fish, 
Wasps that kill straw-eating ị 
moths were killed. The moths 
prospered, leading to the 
destruction of the thatched roofs. 
Furthermore, cats that ate geckos DDT in small fish, 
that ate DDT-laden cockroaches | 0.5 ppm 
died.With no cats,rats multiplied - 
as đid the bubonic plague, car- 


DDT in fish-eating birds, 
25 ppm 


ried by fleas that live on the rats. DDT in zooplankton, | 
Cats were thus dropped by para- 0.04 ppm 

chute to remote villages to help : | 
prevent outbreaks ofthe plague.  _ DDTinwater, | 
When ït comes to ecosystems, | 34000005 PP | 
you can never change only one | 
thing. 


MORE TO EXPLORE: 
WwWww.iupac.org/publications/ 
cd/essential_toxicology/ 
IUPACDDTcase.pdf 


FIGURE 15.17 


The DDT concentration ¡n a food chain can be magnified from 0.000003 parts per 
million (ppm) as a pollutant in the water to 25 ppm ïn a bird at the top of the chain. 


Ether 
/ˆ me H [ 
| nzyme | 


"... 
| 
C1 
Methoxychlor | 
j 
DO TH =>) se 
TH Tên | 
| 
CI | 


Polar products 
(water-soluble) 


FIGURE 15.18 


Methoxychlor ¡s one of many alternatives to DIỶT. Enzymes in the liver can cleave 
the ether groups to produce polar products. Look back at Figure 15.15, and you will 
see that DUYT lacks ether groups. 


15.5 PESTICIDES KILL INSECTS, WEEDS, AND FUNGI 535 


animals, however, the oxyeen atoms facilirate detoxification. Specifically, enzymes 
in the liver cleave the ether proups to synthesize polar products that are readily 
excreted through the kidneys. 

Organophosphorus compounds and carbamates, in contrast to chỈorinated 
hydrocarbons, readily decompose to water-soluble components and so do not 
act over cxtended periods of time. TÌheir immediate toxicity to both insects and 
animals is much greater than that of chlorinated hydrocarbons, however. Added 
safety precautions are required during the application ofboth organophosphates 
and carbamates, especially because of their toxicity to honeybees (Figure 15. 19). 

There are hundreds oforganophosphorus and carbamate insecticides in agTri- 
cultural and household use. Two ¡mportant examples are malathion, an 
organophosphorus compound, and carbaryl, a carbamate, both shown ¡in Figure 
15.20. Malathion kills a variety of insects, such as aphids, leafhoppers, beetles, 
and spider mites. Carbaryl, like many other carbamates, is relatively selective In 
the types ofinsects it kills. 


FIGURE 15.19 


Honeybees do not forage at night. 
Quick-acting pesticides, such as 


organophosphorus compounds 
= c ủ ECK and carbamates, are therefore best 
Why do chlorinated hydrocarbons persist longer ïn the environrmnent than applied in the evening. By the 


time the bees return the next day, 
these pesticides have lost much of 
their tOxiCIty. 


do organophosphorus compounds? 


Was thỉs your answer? There are no natural pathways by which chlorinated 
hydrocarbons are readily broken down to less harmful compounds. Also, 
because they are nonpolar, chlorinated hydrocarbons are not readily washed 
away by rainwater.Organophosphorus compounds readily decornpose to 
water-soluble products that can be carried away by rainwater. 


| Phosphorus Carbamate l@) 

ị group N | ị 

| N Ọ đố 3%, CH: | 
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| GH:O——sS—CHC Ì 

| | | ỌCH;CHạ H 
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ị ⁄ ị 
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Malathion Carbaryl | 

(an organophosphorus compound) (a carbamate) 


FIGURE 15.20 


| The widcly used pesticides malathion and carbaryl. 
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CHAPTER 15 


ctP?r¿, 


erhaps the most environmentally 

friendly insecticides are solutions 

of soap or detergent. Insects are 
perforated with tiny holes, called 
spiracles, through which atmospheri 
oxygen rnigrates directly into cells. 
These holes are easily penetrated by 
liquid soap or detergent, which then 
blocks the exchange of atmospheric 
gases and so suffocates the ïnsect. In 
general, the larger the insect, the 
mnore concentrated a soap solution 
needs to be ïn order to kiÏ] efficiently. 
A đilute soap solution, for example, 
wïÏl quickly annihilate aphids, but 
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CLEANING YOUR INSECTS l 


only a relatively concentrated one 
wïÏl killa cockroach. 


WHAT YOU NEED 


and write the concentration (in tea- 
Spoons per cup, say) on each bottle. 
Test the effectiveness of each solu- 


†tion on the infested plants. Follow 
with a spray of fresh water to rermove 
any residual soap from the plants. 


Liquid soap or detergent, measuring 

C spoons, pump-spray bottles, plants 
infested with household or garden 
insect pests such as houseflies or 
aphids 


PROCEDURE 


Use the measuring spoons to create 
Various concentrations of soap solu- 
tion. Stir your solutions gently to 
avoid excessive foarming. Pour each 
solution into a pump-spray bottle, 


HERBICIDES KILL WEEDS 


WWceds compete with crop plants for valuable nutrients. The traditional method 
for controlling weeds ¡s to plow them under the soil, where in decomposing they 
release the nutrients they absorbed while they were alive. Plowing aÌso aerates 
the soil, but ¡t ¡s either labor-intensive or enerøy-intensive and can lead to top- 
soil erosion. In the early 1900s, farmers noted that certain fertilizers, such as cal- 
cium cyanamide, CaNCN, selectively kilÍ weeds while causing little harm to 
crops. This prompted a broad search for chemicals that act as herbicides. Ioday, 
a farmer can choose from hundreds of herbicides, many tailored for a specific 
weed. Farmers in the United States apply almost 600 million pounds of herbi- 
cides annually, which is about three times more than the amount ofinsecticides 
they apply. 

Two selective herbicides are the carboxylic acids 2,4-dichlorophenoxyacetic 
acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), shown ¡in 
Figure 15.21. Both mimic the action of plant growth hormones and are selec- 
tive in killing broad-leafed plants but not grasslike crops such as corn and 
wheat. A herbicide known as 4e£ø Ózzøzge 1s a blend of 2,4-D and 2,4,5-T: 
During the Vietnam ÑWar, U.S. military forces applied more than 15 million 
gallons of Agent Orange and related herbicides in an effort to defoliate jungle 
areas that could harbor enemy troops. Health problems in Vietnamese troops 
and civilians, U.S. troops, and others exposed to Agent Orange have since 
been linked to a minor contaminant——the highly toxic compound 2,3,7,8- 
terrachlorodibenzo-ø-dioxin (TCDD). Thís contaminant was generated as a 
side product in the manufacture of 2,4,5-T. In 1985, because of this contam- 
ination, the use of2,4,5-T was prohibited by the U.S. Environmental Protec- 
tion Agency. TCIDD-free methods of2,4,5-T' production, however, have since 
been developed, which raises the possibility that 2,4,5-1” may once again be 
introduced as an effective herbicide. 

Three other commonly used herbicides are atrazine, paraquat, and ølyphosatce, 
all shown in Figure 15.22. Atrazine is toxic to common weeds but not to many 
grasslike crops, which can rapidly detoxify this herbicide through metabolism. 


15.5 PESTICIDES KILL INSECTS, WEEDS, AND FUNGI 537 


ị RE 15.21 

| | The herbicides 2,4-D and 2,4,5- 
ị “T and the dioxin contaminant 

ị Á/Gj01Đ, 

| 


“The herbicides atrazine, 
paraquat, and glyphosatc. 


GH.CHNH.. M. C 
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Atrazine 
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Paraquat 
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OH 


Glyphosate 
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Paraquat kills weeds in their sprouting phase. During the 1970s and 19805, 
this herbicide was sprayed aerially to destroy drug-producing poppy and mar- 
ijuana fñelds in the United States, Mexico, and much of Central America and 
South America. Paraquat residues made their way into the illicit drug prod- 
ucts, however, causing lung damage in users. So, for ethical reasons, the spray- 
ing of paraquat on drug-producing plants is no longer common practice. 

Glyphosate is a nonselective herbicide that affects a biochemical process com- 
mon to all plants—the biosynthesis of the amino acids tyrosine and phenylala- 
nine. Glyphosate has low toxicity in animals because most animals do not 
synthesize these amino acids, obtaining them from food instead. Glyphosate ¡s 
the active ingredient of the herbicide Round-up. 


® 
| 


Thiram 


—— }  FUNGICIDES KILL FUNGI 


As decomposers, fungi pay an important role in soil formation, 
_ but they can also harm crops. Most of the harm they cause 
._ occurs during a plant§ carly growth stages. Fungi can also spoil 
. stored food and are particularly devastating to the worldS fruit 
harvest. 

In the United States, farmers use about 100 million pounds 
__ offungicides annually, meaning fungicides rank third after her- 
_ bicides and insecticides in the amounts used. An example ofa 
-_ fungicide is thiram, widely used on fruits and vegetables and 
shown ¡in Figure 15.23. 

During the last 60 years, pesticides have benefited our soci- 
-_ ety by preventing disease and increasing food production. Qur 
—— need for pesticides will continue, but greater specificity wilÏ cer- 


FIGURE 15.23 
- The fungicide thiram. 


tainly be demanded. Furthermore, it is becoming increasingly 
apparent that the benefits of using pesticides must be considered in the context 
of potential risks. 


® 15.6 There Is Much to Learn from Past 
Agricultural Practices 


| R the past 100 years, there have been dramatic increases in crop yields. 
An acre of U.S. farmland ¡in 1900 yielded about 30 bushels of corn. 
Today, that same acre yields on the order of 130 bushels of corn. This increased 
efficiency has meant a significant drop in the number of people needed to farm. 
In the early 1900s, about 33 million people in the United States lived and 
worked on farms. Today, only 2 million people are engaged in commercial farm- 
¡ng in this country, producing crops and Ïivestock. 

Many of the farming methods used to obtain hiph yields have significant disad- 
vantages. Pesticides and fertilizers, for example, pose certain risks. Pesticides are 
Iinherently toxic, and each year thousands ofpeople working in agriculture are poi- 
soned by the mishandling of these dangerous compoundks. Fertilizers help plants 
grow, but major portions ofapplied fertilizer are washed away into streams, rivers, 
ponds, and lakes, where they upset ecosystems, especially by promoting an exces- 
sive growth ofalgae (see Section 16.6). Fertilizer runoff from fields, illustrated in 
Figure 15.24, can also contaminate drinking water supplies and thus affect human 
health. An ailment known as blue-baby syndrome, for example, results from 
drinking water containing hiph concentrations oÝ nitrate Ions, a main ingredient of 
most fertilizers. INitrate ions in the bloodstream compete with oxygen for the pos- 
itively charged iron ions ofhemoglobin molecules. This leads to a form of anemia 
known as methemoglobinemia, to which babies are particularly sensitive. Aside 
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FIGURE 15.24 


- The water running ofŸ this farm 
ñeld contains many pestIcides 

_ and fertilizers that can be harm- 
fuÍ to ecosystems and human 


health. 


from a shortness ofbreath, one ofthe major symptoms is a bluish color to the skin. 

Poor maintenance oftopsoil ïs also a maJor concern. Synthetic fertilizers have 
no organic bulk and do not provide a food source for soil microorpanisms and 
earthworms. Over time, a soil treated with only these fertilizers loses biological 
activity, which diminishes the soils fertility. Soils void of organic bulk become 
chalky and susceptible to wind erosion. Chalky soils lose their capacity to hold 
water, which means that more applied fertilizer ¡s leached away. Ever-increasing 
amounts of fertilizer are thus needed. 

Over the past 100 years, damaging farming practices have decreased the 
amount of topsoil in parts of the United States by as much as 50 percent. Dur- 
¡ng the 1930s, farming practices and drought conditions created giant dust 
storms, such as the one shown in Figure 15.25, that removed major portions of 
the topsoil in Kansas, Oklahoma, Colorado, and Texas. Ïn one storm, large dust 


FIGURE 15.25 


Poor soil-conservation practices 
¡n the early 1900s contributed to 
the loss of much topsoil to wind 
storms thick with dust. 
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clouds were carried all the way from the Midwest to Ñashington, D.C., and 
then inro the Atlantic Ocean. Politicians in that city, observing the effects of 
poor soil management right outside their windows, quickly passed legislation 
that created the Soil Erosion Service, whiích became the National Resources 
Conservation Service and continues to this day ¡n its efforts to heÏp protect the 
nation§ topsoil for future generations. 

Another limited resource required for farming is Íresh water. Ïn regions 
where rainfall is insufficient to support large crops, water is either channeled 
into fñelds from lakes, rivers, and streams or else pumped up from the ground. 
Ín many areas, øroundwater Is the primary source of fresh water, but exccssive 
use of groundwater can lead to land subsidence, illustrated in Figure 15.26. 

Any source of water other than rainwater requires an irrigation method to 
deliver water to the ñelds. Flooding 1s a common method, but it is not eficient 
because most of the water ¡s lost in runoff and evaporation. Sprinkler systems 
are an improvement over flooding because they do not cause soil erosion. Such 
systems also lose large amounts of water, however, because a significant portion 
of the airborne water evaporates before reaching the ground. 

All liquid water on EarthS§ surface, no matter how fresh, contains some salts. 
After irrigation, water evaporates from farmland and these salts are left behind, 
and so over time repeatcd irrigation causes the salinity of the soil to increase. 
Thịs process is known as salinization, and ¡t leads to a rapid decrease in pro- 
ductivity. To counteract growing soil salinity, farmers flood the land with huge 
quantities of water. As the water drains into a river, ¡tr washes the unwanted 
saltsalong with significant amounts of topsoil——into the river. Thus a river 
p2ssing through farmlands gets saltier and saltier as it runs to the sea, as depicted 
in Figure 15.27. 


FIGURE 15.26 


- The San Joaquin Valley of Cali- 
fornia has subsided by more than 
35 feet since the pumping of 
groundwater began in the 1920s. 
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.FIGURE 15.27 


Asa river Ñows along, runofF 
from agricultural ñelds can add 
to the riverS natural salinity. By 
the time the Colorado River 
reaches the Gulf of California, 
for examplc, it is too salty for 
productive farming. A typical 
safe drinking water standard for 
salt content is 500 milligrams/ 
liter. Agricultural damage occurs 
when soil salinity reaches a con- 
centration ofabout 800 mil- 
ligrams/liter. == ..ẽ ..k... ố.ẽ. CC 


J5. 


Are there any dissolved salts ïn a mountaïn stream? 


Was thỉs your answer? Land contains a variety of salts. As wa†er runs over 
and through the land, these salts đissolve in the water. In general, the farther 
the water travels, the saltier ït becomes. Ihus even water that has traveled 
only a short distance, which is the case with a mountaïn stream, contains 
some salts. So the answer to this question ïs a qualified “yes, but not enough 
†o make the water undrinkable.” 


% 15.7 High Agricultural Yields Can Be Sustained 
with Proper Practices 


t the beginning of this chapter, agriculture was delned as the organized 

use of resources for the production of food. Whether or not these 
resources—mainly topsoil and fresh water——will be available for future genera- 
tlons depends on how welÏ we manage them now. Ñe already know from expc- 
rience that pesticides and fertilizers cannot be applied liberally without 
threatening both topsoil quality and our supplies of clean groundwater (not to 
mention the health of ourselves and the planet). 

Over the past several decades, there have been strong movements toward 
developing methods and technologies that wilÍ sustain agricultural resources 
over the long term. Problems associated with irrigation, for example, can be 
solved by microirrigation, which ¡s any method of deliverine water directly to 
plant roots. Microirripation not onÌy prevents topsoil erosion but also mini- 
mizes the loss ofwater through evaporation, which In turn minimizes the salin- 
ization offarmland. One method of microirrigation ¡s shown in Eigure 15.28. 


FIGURE 15.28 


only as much water as the plants need. 
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_= Those living ïn the agricultural 


regions of the arid southwestern 
United States are most familiar 
with the accumulation of visible 
salty sediments like those shown 
ïn the ïnset of Figure 15.27. Agri- 
cultural salinization,however, 
has been a problem ever since 
the beginning of agriculture. 
Archaeological evidence shows 
that the fall of the Sumerian soci- 
ety of ancient Mesopotamia was 
likely due ïn part to the accumu- 
lation of salts on farmlands ïrri- 
gated by waters of the Tigris and 
Euphrates rivers in what is now 
lraq. Civilizations along the Nile 
River in Africa,however, survived 
through the millennia because, 
unlike the Tigris and Euphrates, 
the Nile floods seasonally,which 
allows for a seasonal flushing of 
accumulated salts. 

MORE TO EXPLORE: 
www.edwardgoldsmith.com/ 
page166.html 


The microirripation method known as drip Irrigation delivers water through 
- long, narrow strips of punctured plastic tubing. These farmers are pÏacing 
tubing ¡n a soon-to-be-planted fñeld. Once installed, the system wilÏ provide 
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Odor-free backyard compost 
bins are easy to build and main- 
tain. 


-FIGURE 15.30 


(a) Pound for pound, organically 
grown food is cheaper to produce 
than conventionally grown food. 
Market forces, however, often 
result in organically grown foods 
costine more. (b) A product can 
bear this USDA organic seal ifat 
least 95 percent of its ingredients 
are certified organic. According to 
the Organic Trade Association, 
organic food sales now represent 
approximately 2 percent of U.S. 
food sales. 


ORGANIC FARMING IS ENVIRONMENTALLY FRIENDLY 


For controlling pests and maintaining fertile soil, the conventional agricultural 
industry is now looking at the efforts of many small-scale farmers who have 
demonstrated that significant crop yields can be obtained without pesticides and 
synthetic fertilizers. This method of farming is known as organic farming, 
where the term øzzc is used to indicate a concern for the environmenr and a 
commitment to usineg only chemicals that occur In nature. 

To protect against pests, organic farmers alternate the crops planted on a par- 
ticular plot of land. Such ezøø 7zø/z/øz works fairly well because different crops 
are damaged by different pests. A pest that thrives on one season5 crop of corn, 
for example, will do poorly on the next seasonS crop of alfalfa. For fertilizer, 
organic farmers rely on compost, shown ¡in Figure 15.29. They also include 
nitrogen-fxing plants in their crop-rotation schedules. 

Many claims are made that food produced organically is better for human con- 
sumption. Chemically, however, the molecules that plants absorb from synthetic 
fertilizers are the same as those they absorb from natural fertilizers. IÝ organically 
ørown producc tastes any better or is more nutritilous than conventionally ørown 
produce, the reason likely has to do with the genetic strain of the produce or with 
the greater attention paid to growing conditions, such as the amount of water 

made available to plants or the careful control ofsoil pH. 
Organic farming tends to be benevolent to the envi- 
ronment. In addition to avoiding the potential runoff 
of pesticides and fertiizers, organic farming ¡is 
USDA enerey-efficient, using only about 40 percent as 
much energy as conventional farming. A large por- 
tion of the energy savings arises because the manu- 
facture of pesticides and fertilizers s energy-intensive. 
Eor Instance, each year in the United States, about 300 
(b) million barrels of oiÏ is consumed for the production of 

nitrogen Íertilizers. 

Because much organically ørown food, such as that shown in Figure 15.30, is 
grown locally, by purchasing it you help support local farmers. Ultimately, 
though, your purchase of organically grown fÍood is a vote in favor of environ- 
menrally friendly methods of farming. 


Which are rmmade of organic chermnicals, organically grown foods or conven- 
tionally grown foods? 


Was thỉs your answer? Regardless of whether they are grown with natural 
fertilizer or synthetic fertilizer, all foods are mnade of organic chemicals—car- 
bohydrates, lïpids, proteins, nucleic acids, and vitarmins. A thoroughly rinsed 
conventionally grown carrot may be just as good for you——or even better—as 
one grown without the use of synthetic fertilizers and pesticides. The organic 
ïn organic farrmning is a term used to designate a natural mmnethod of farmind. 


INTEGRATED CROP MANAGEMENT IS A STRATEGY 

FOR SUSTAINABLE AGRICULTURE 

To meet concerns about sustaining agricultural resources over the long term, 
øroups from industry, government, and academia have identiied a whole-farm 
strateey called integrated crop management (ICM). This method of farming 
involves managing crops profitably and with respect for the environment in 
ways that suit local soil, climatic, and economic conditlons. Ïts aim 1s to safe- 
guard a farm$ natural assets over the long term through the use of practices that 
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avoid waste, enhance energy efliciency, and minimize pollution. [CM ¡s not a 
ripidly delñned form of crop production but rather a dynamic system that adapts 
and makes sensible use of the [atest research, technology, advice, and experiencc. 

One ofthe more significant aspects of ICM is its emphasis on multicropping, 
which means prowing different crops on the same area of land either simultane- 
ously, as shown in Figure 15.31, or in rotatlon Írom season to season. As with 
organic farming, multicropping achieves significant pest control, and it also can 
be used to improve soil fertility. For example, nitroøeen-generating crops, such as 
leeumes, are a good complement to nitroeen-depleting crops, such as corn. 

An important component of [CM ¡s inteprated pest management ([PM), 
one of the aims of which ¡s to reduce the initial severity of pest infestation. This 
can be accomplished through a number of routes. pon starting a farm, for 
example, only crops that fit the local climate, soil, and topography should be 
grown. This selectivity makes for crops that are hardy and pest-resistant. Crops 
should also be rotated as much as possible to reduce pest and weed problems. 
Another IPM strategy is prowing tree crops or hedges either around the perimeter 
ofa farm or interspersed throuphout the farm. These trees and hedges provide 
habitat, cover, and refuge for benefcial insects and such pest predators as spiders, 
snakes, and birds. As an added benefit, the trees and hedges also protect the land 
from wind erosion. Yet another [PM strategy ¡s to breed and cultivate plants that 
have a natural resistance to pests. For centuries, this was accomplished by selec- 
tively mating plants that showed the greatest resistance. Today, this age-old 
method ¡s quickly being supplanted by the techniques of genetic engineering. 

Another aim ofIPM is to minimize the use of pesticides. For example, many 
farmers now use the ølobal positioning satellite system (GPS) to target precise 
pesticide applications. Ủsing infrared satellite photography, illustrated in Figure 
15.32, and a careful walk-through assessment of fñield conditions, farmers can 
match pesticide blends with crop needs. Computers link application equipment 
with the GPS satellites, which “beam” pesticide application adjustments every 
few seconds as a farmer moves across a feld. This same technology also works 
well with selective delivery of synthetic fertilizers. 

There are many other methods of pest control that can be used in place of 
chemical pesticides or in combination with them to minimize the need for these 
agents. Depending on the availability of labor, eøg masses or larvae can be hand- 
picked off plants. Instead of using herbicides, weeds can be tilled under. An 
insect population can also be controlled by various biological approaches, such 
as by introducing laree numbers of sterile Insects Into a population or by intro- 
ducing natural predators, as shown ¡n Figure 15.33. 


FIGURE 15.31 


Complementary crops such as 


legumes and corn are ørown in 


alternating strips to enhance soil 
fertility. The strips follow the con- 
tour of the land to minimize ero- 
sion from rainwater or irripation. 


FIGURE 15.32 


-_ Satellite images can reveal infor- 


mation about crop growth and 
potential pest infestation. The 
darker areas of this infrared satel- 
lite image show where corn 
growth has been stunted by some 
form ofinfestation. 


FIGURE 15.33 


Ị The almond trees on the right 
- side of the road were decimated 


by spider mites. Those on the left 
were protected by the introduc- 
tion o£spider mite predators. 


544 


CHAPTER 15 


OPTIMIZING FOOD PRODUCTION 


Female øypsy moths emit the pheromone disparlure (top) to entice maÌe øypsy 
moths (bottom left) into mating. The males are so sensitive to this compound that 
they can detect one molecule in 10°“ molecules ofair. This astounding sensitivity 
enables them to respond to a female who may be more than 1 kilometer away. How- 
ever, they can also be tricked into responding to insecticide traps laced with syn- 
thetic disparlure (bottom right). 


Another way to control the proliferation ofinsects is to modify their behavior 
through the use of pheromones, which are volatile organic molecules that 
Insects release to communicate with one another. Each insect species produces 
Its own set of pheromones, some as warning signals and others as sexual attrac- 
tants. Sexual pheromones synthesized ¡n the laboratory can be used to lure 
harmful insects to localized insecticide deposits, thereby reducing the need for 
spraying an entire field, as depicted in Figure 15.34. 

Nature is sophisticated, and ¡f we are to work with nature in a sustainable 
way, our methods must also be sophisticated. New and improved techniques 
provide the farmer with a menu of possible actions In response to natureS ever- 
changing parameters. Each action, however, must be taken with an awareness of 
1ts potential environmental impact. In this sense, the human who Ífarms sustain- 
ably is not dominating nature but rather working with ít. 


® 15.8 A Crop Can Be Improved by Inserting a Gene 
from Another Species 


ver the past couple of decades, advances In genetic engineering have led 

to profound developments ¡n agriculture. (See Section 13.5 for a review 
OÊ genetic engineering techniques.) For centuries, farmers have improved crops 
and domestic animals by breeding for desirable traits. This uncertain and often 
lengthy process can now be performed relatively quickly and with great cer- 
tainty by using the tools of modern molecular biology to introduce genes for 
desired traits into plants and animals. The resulting organisms are called transg- 
cníc organisms because they contain one or more genes from another species. 
In the media and marketplace, transgenic organisms are also known as 


enetically odfied organisis, or GMOS for short. 
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Bt protein 
on surface 
of corn plant 


Bt protein within 
each kernel 


Gene for 
Bt protein 


Corn cell 
Bt cell 


_ ị *< —... .... 
Gene for Gene for Bt Corn plant 
Bt protein protein inserted cells produce Bt 
into corn DNA protein, which is 
in corn cell. eaten by insect. 


GURE 15.35 


(a) The bacterium Özc/s #2ør/ng/ensi (BÙ produces proteins that are toxic to 
insects, such as the corn borer, a devastating corn pest. The external application of 
Bt proteins on corn, however, cannot control the corn borer once it is Inside the 
stalk. (b) Corn is made resistant to the corn borer by splicing the gene for the Bt 
protein into corn DNA. The resulting corn plant produces the Bt protein in its cells 
and is thus fully resistant to the corn borer. Recent studies, however, have indicated 
that pollen from Bt corn may have adverse effects on Monarch butterflies, which are 
beneficial Insects. 


'Transgenic bacteria have been developed to mass-produce a variety ofvaluable 
proteins, including bovine growth hormone (BGH). When this hormone ¡is 
injected into dairy or beef cattle, it raises milk production or improves weipht 
gain. It has passed alÏ safety tests so far and is now being used extensively in dairy 
herds. 

Most of the progress in transgenic agriculture has been with plants. Several 
major crops have been engineered with genes that create proteins having insec- 
ticidal properties. The insect pest ¡s killed only when ¡t feeds on the crop. 
Eigure 15.35 illustrates this technique for corn. With such a mechanism, 
most—though not necessarily all —nontarget, benevolent organisms are left 
unharmed and the need for pesticide application 1s reduced. Other major crops 
have been engineered with genes that make them resistant to the herbicide 
glyphosate, meaning that the herbicide kills weeds ¡n a fñield but doesnt 
threaten the crop planted there. Researchers have also inserted a gene coding 
for a dietary protein into swcet potato plants. This protein contains sipnificant 
amounts of the eight amino acids essential to adult humans (see Table 13.6). 
Eigure 15.36 shows these protein-rich sweet potatoes, which are casy to culti- 


vate and hold special value for developing nations, where high-quality protein Gene transfer has made swcet 
foods are hard tO come by. pOfatoes a better protein SOUFC€. 
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Worldwide, about 7o million 
acres of farmland are cultivated 


with transgenic crops. As a result, 
about one-third of the world corn 


harvest and more than one-half 
of the world soybean harvest 


now come from genetically engi- 


neered plants. lfyou thỉnk you 
have never ïngested transgenic 
foods, think again. 

MORE TO EXPLORE: 
http://americanscientist.org/ 
articles/oarticles/Marvier.html 
http://en.wikipedia.org/wiki/ 
Transgenic_plants 


Amartya Sen, professor of ecconom- 
1cs at Trinity College, Cambridge, 
England, ¡s well khown for his 
work in the economics of poverty 
and famine. 
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The examples just described all involve the transposing of onÏy one or a cou- 
ple of genes into the transgenic organism. There are many desirable traits, how- 
ever, that involve clusters oŸ genes. An important example ¡s the ability to ñx 
nitrogen. [ntense research ¡s currentÌy under way to transpose all the genes nec- 
essary for nitrogen ñxation into plants that do not naturally ñx nitrogen. With 
such a transgenic specles, the expensive production and application of nitrogen 
fertilizers becomes unnecessary. Because many genes are involved, the system 1s 
complicated and currently beyond sciences biotechnical capabilities, but per- 
haps that wont be true for long. 

There ¡s heated debate about genetically engineered agricultural products. 
Some scientists argue that producing transgenic organisms is onÏy an exten- 
sion of traditional crossbreeding, the procedure that has given us such new 
and interesting products as the tangelo (a tangerine-grapefruit hybrid). In 
general, the Food and Drug Administration has held that ¡f the result of 
øenetic engineering is not significantly different from a product already on the 
market, testing ¡s not required. On the other side of the argument are scien- 
tists who believe that creating transgenic organisms is radically different from 
hybridizing closely related species of plants or animals. There is concern, for 
example, that genetically engineered crops might grow too well, ultimately 
reseeding themselves in areas where they are not desired and thus becoming 
“superweeds.” Transgenic crops might also pass their new genes to close rela- 
tives in neighboring wild areas, creating offspring that would be difficult to 
control. 

Stay tuned for developments in the area oŸ transgenic agriculture, such as the 
development of the golden rice discussed at the beginning of this chapter. This 
form of agriculture holds much promise. The power of genetic enginecring, 
however, demands that we move cautiously, with all necessary safeguards ¡n 
place. One of the more important safeguards, no doubt, will be a well-informed 
øeneral public. 


® In Perspective 


ithin a century, Earth may have 12 billion inhabitants, about twice as 

many as it has now. [F projecuons made by demographers are correct, the 
human population will be approaching a stable level by then, Just as the popula- 
tions of many developed nations already have. Wil we be able to feed ourselves 
when this steady state 1s reached? “The answer is probably yes, but potentially only 
for a while. Even if world food production were to grow more slowly than at the 
current rate, there would still be enough food for 12 billion mouths by the time 
they arrive. 

However, not only must the food supplÌy expand but it must expand in a way 
that does not destroy the natural environment. For agriculture to be sustainable, 
a steady stream of new technologies that minimize environmental damage must 
be developed. 

The most critical problems faced by those seeking to counteract world 
hunger are more likely to be social rather than technical. Above all, efforts 
toward stabilizing the world population must continue in earnest. The size of 
our planet is limited, and practically all the worlds farmable land is now under 
cultivation. As the population grows, more food will be required, while at the 
same time more farmable land will be lost to residential and business develop- 


ment. In tropical areas, economic pressures ro sÏlash and 
burn rainforests for the formation of addidonal farmland 
will probably continue. 

Even with a stable world population, it cannot be 
assumed that a large-enough food supply will lead to the 
end o£world hunger. Today, the abundance of food is at 
an all-time hiph, and yet an estimated 8.7 million indi- 
viduals, most of them young children, die cach year Írom 
a lack of adequate nutritlon. Amartya Sen, a leader in the 
fght against world hunger and the 1998 Nobel laureate 
in economics, points out that in most circumstances, 
malnutrition arises not from a lack of food, but from a 
lack of appropriate social Infrastructure, as Figure 15.37 
shows. Backed by strong evidence, Sen argues that “pub- 
lic action can eradicate the terrible and resilient problems 
of starvation and hunger ¡in the world in which we live.” 
Efforts toward optimizing the food yields from agricul- 
ture must therefore be matched by efforts to build social, 
political, and economic systems that give those facing 
starvation the means for survival. World hunger ¡s not 
inevitable. 


KEY TERMS 


Agriculture The organized use of resources for the 
production of food. 


Trophic structure The pattern of feeding relationships 
in a community oforganisms. 


Producer An organism at the bottom ofa trophic 
StFuCtUre. 


Consumer An organism that takes in the matter and 
energy of other organisms. 


Decomposer An organism ¡n the soil that transforms 
once-Ìiving matter fO nutrIenrs. 


NÑiưogen fxation A chemical reaction that converts 
atmospheric nitrogen to some form of nitrogen usable 


by plants. 
Horizon A layer of soil. 
Humus The organic matter of topsoil. 


Compost Fertilizer formed by the decay of organic 
mat€T. 


Straight fertilizer A fertilizer that contains onÌy one 
nutrient. 


Mixed fertilizer A fertilizer that contains the plant 
nutrients nitrogen, phosphorus, and potassium. 
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FIGURE 15.37 


The Bangladesh famine of 1974 occurred during a 
period when the amount offood available per person in 
that country was at a peak. Ít was unemployment, hoard- 
¡ng, and inflated food prices that drove millions to their 


death. 


Bioaccumulation The process whereby a toxic 
chemical that enters a food chain at a low trophic level 
becomes more concentrated in organisms higher up the 
chain. 


Salinizaton The process whereby irrigated land 
becomes saltier as the irrigation water €vaporates. 


Microirrigation A method of delivering water directly 
to plant roots. 


Organic farming Farming without the use of 
pesticides or synthetic fertilizers. 


Integrated crop management À whole-farm strategy 
that involves managing crops In ways that suit local 
soil, climatic, and economic conditions. 


Integrated pest management Â p€st-controÏ strategy 
that emphasizes prevention, planning, and the use ofa 
variety of pest-control resources. 


Pheromone Ân organic molecule secreted by insects 
to communicate with one another. 


Transgenic organism Ân organism that contains one 
or more genes from another species. AÏso known as a 


@£neticall nodlfiedl oreazazsm, or GMO. 
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| CHAPTER HIGHLIGHTS 


HUMANS EAT AT ALL TROPHIC LEVELS 


1. What are the two maJor chemical products of photo- 
synthesis? 


2. In a trophic structure, what distinguishes a producer 
from a consumer? 


3. Why are the number of trophic levels limited? 


PLANTS REOUIRE NUTRIENTS 


4. What is the major natural source of the nitrogen 
used by plants? 


5. Do plants require oxygen? 


6. hat effect have terrestrial plants had on the com- 
PoSition of ocean water? 


7. Why are calclium and magnesium deficiencies rare in 
plants? 


8. What ¡s the most common form of sulfur absorbed 
by plants? 


SOIL FERTILITY IS DETERMINED BY SOIL 
STRUCTURE AND NUTRIENT RETENTION 


9. What are the three soil horizons? 

10. Which horizon ¡s void of life? 

11. What are four important components of fertile 
topsoil? 

12. What is one of the great advantages to having 


humus in soil? 


NATURAL AND SYNTHETIC FERTILIZERS HELP 
RESTORE SOIL FERTILITY 


13. What process is used to generate most synthetic 
nitrogen fertilizer? 


14. What is the difference between a straight fertilizer 
and a mixed fertilizer? 


15. What advantages do mixed synthetic fertilizers have 
Over compost? 


16. What advantages does compost have over mixed 
syntheuc fertilizers? 

PESTICIDES KILL INSECTS, WEEDS, AND FUNGI 
17. Name three kinds of pesticides. 

18. What are three classes of insecticides? 

19. Is DDYT still being used today? 

20. Glyphosate interferes with the biosynthesis of 
which two amino acids? 

THERE IS MUCH TO LEARN FROM PAST 
AGRICULTURAL PRACTICES 


21. How do pesticides and fertilizers end up in our 
drinking water? 


22. What is missing from synthetic fertilizers that 
makes them harmful to soil? 


23. How is irrigation damaging to topsoil? 
HIGH AGRICULTURAL YIELDS CAN 

BE SUSTAINED WITH PROPER PRACTICES 
24. What are the advantages of microirrigation? 
25. What is organic farming? 


26. How is space technology used to reduce the 
amount oÊ pesticides applied to farmlands? 


27. How are pheromones used to diminish insect 
populations? 

A CROP CAN BE IMPROVED BY INSERTING 

A GENE FROM ANOTHER SPECIES 

28. What type ofbiomolecule is generated by a gene? 


29. How might a transgenic plant reduce the amount 
of pesticide needed for crop protection? 


30. Why ¡s it so difficult to develop a transgenic corn 
varlety that Íixes its own nitrogen? 


| CONCEPT BUILDING @øsroinANrn BE (hrrrmroiarr $ cxprrr 


31. Thoroughly dried dead plant material ¡s 
444.4 percent oxygen by weipht. How is this oxygen held 
¡n the plant so that it doesnt escape into the atmosphere? 


32. ® What would happen to a forest without the 


action of decomposers2 


33. © What happens to most biochemical energy as It 
PP EM 
pAsses from one trophic level to the next? 


34.  Why ¡s the number of 7702713 rex [ossils 
found so much lower than the number of fossils found 
ofother dinosaurs? 


35.  WVhy would a predominantly meat-based diet be 
a severe restriction on the possible size of the human 
population? 


36. #' How does humus contribute to the acidity of 
soil? 


37. ® Why do groundskeepers poke holes ¡n football 
ñelds? 


38. # Pockets of open space in soil are necessary for 
plant health. If these pockets are too large, however, 
plant health suffers. Ñhy? 


39. @ The use oftractors and other heavy farm 
machinery compacts soil. How might this compacting 
affect soil fertility? 


40. ® Why do soils that contain a high percentage of 
clay retain plant nutrients so welÌ? 


41. Why dont plants grow well in nutrient-rich soils 
that contain a hiph percentage of clay? 


42. $ What happens to anmonium Ions ¡in alkaline 
soil, and how mipht this reaction favor the Ïoss oÝ nitro- 
gen from the soil? 


43. 8 WWhy do the leaves of plants deficient in nitrogen 
turn yellow? Consider the structure of the porphyrin 
ring shown in Figure 15.6. 


44. 4 How does the organic buÌk of compost heÌp to 
maintain fertile soil conditions2 


45. 8 Why does DDT have such a strong aflinity for 
fat tissue? 


46. 4 hen only synthetic fertilizers are used on a 
crop, the quantity used needs to be Increased over time. 


\Nhy? 


47. 8 Earthworms are repelled by the high concentra- 
tions öỂ nutrients in soils treated with synthetic fertiliz- 
ers. How mipht this affect the soil structure? 


48. @ How might periodic foods from rainstorms 
benefit irrigated cropland? 


DISCUSSION QUESTIONS 


61. What are the benefits of eating organisms low on 
the food chain? What are the benefits of eating higher 
up on the food chain? Identify these benefits as being 
for the entire human population or for an individual 
person. 


62. Should organically grown food that has been irradi- 
ated to kill pathogens be permitted to carry the label 
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49. ® Shown below are the N-P-K ratings for three fer- 
tlizer additves: sawdust, fsh meal, and wood ashes. 
Using what you know about the chemical composition 
of these substances, assipn each to irs most likely N-P-K 
rating. 


2-2-2 0-1.5-8 0.2-0-0.2 


50. @ Which ¡s better for a plant: an anamonium ion 
from compost or an amamonium ion from synthetic fer- 
tilizer? 


51. Distunguish between organic farming and inte- 
grated crop management. 


52. 4 Why does organic farming exclude the use of 
pesticides when pesticides themselves are organic? 


53. @ Why is it benefcial to prow two or three crops 
simultaneously ¡n the same feld? 


54. Many farmers in the United States are paid by 
the government not to farm their land. Based on your 
understanding of the concepts presented ¡n this chap- 
ter, cite one reason why this mighr be so. 


55.  Industrial wastes and agricultural pollutants are 
made of the same kinds ofatoms already present in the 
environment. So why worry about them? 


56. 8 Besides luring insects to an insecticide, how eÌse 
might pheromones be used to decrease Insect popula- 
tions? 


57. @ Why are advances in genetic engineering so sIg~ 
niÑcant to agriculture? 


58. @ What are the chances that you have aÌready 
ingested a product made from a transgenic organism? 


59.@® How mipht genetic engineering be used to 
counteract the negative effects of salinization? 


60.  WWhy might a sweet potato plant genetically 
engineered for a higher protein content have a øreater 
intolerance for nitroøeen-poor soils? 


« . Su) b ° 
organic”? How about a crop grown organically but 
from transgenic seeds? WWhy or why not? 


63. Are you willing to drink miÌk from a cow whose 
milk production has been increased by injections of 
bovine growth hormone? IDoes it marter to you that 
this bovine prowth hormone was created by transgenic 
bacteria? Why or why not? 
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G44. Should transgenic foods be labeled as such in the 
stores where they are sold? Why or why not Would 
you be reluctant to buy this food? How would the price 
of the food affect your decision? hat 1ƒ the food were 
processed and within a box, such as a box of crackers? 
Nhat ¡f the food were fresh produce on display next to 
organic fresh produce? Nhat ¡f the GMO fresh produce 
looked healthier than the organic fresh produce and 
was Ìess expensive? 


65. As stated at the beginning of this chapter, rice has 
been genetically engineered to contain a preCursor tO 
vitamin A that could eliminate 500,000 cases of child- 
hood blindness in southeast Asia. Proponents for 
golden rice note that this rice is provided as a humani- 
tarian endeavor at no ñnancial cost to the farmers of 
this region. Activist organizatlons, such as GreenPeace, 
however, are adamantÌy opposed to golden rice. Why? 


66. Why might environmentalists welcome the intro- 
duction of corn genetically engineered to fx its own 
nitrogen? Why might they be opposed to it? 


| HANDS-ON CHEMISTRY INSIGHTS 


YOUR SOIL'S pH—A QUALITATIVE MEASURE 


The soil particles adsorb the red pigment, which is why 
It is Important to remove as much suspended solid mat- 
ter as possible from the water before you add your indi- 
cator. Any soil particles suspended ¡in the water will 
cause the indicator to turn blackish. 

This procedure gives only a rough approximation of 
the soil pH. More quantitative do-it-yourself soil pH 
measuring kits are available at your local gardening 
StOF€. 


CLEANING YOUR INSECTS 


The advantages of using soap or detergent to kilÏ Insects 
are that these materials are inexpensive, easily washed 
away, and environmenrally friendly. The disadvantages 
are that they are not selective for harmful Insect pests 
over beneRcial ones. Also, they work only by direct 
contact, and the plant must be wiped clean once the 
p€sts are destroycd; getting rid ofalÏ the soap can be 
diffcult IÝ you are using a concentrated solution. Lastly, 
they have no lasting insecticidal effect. 

Interestingly, the fine network of spiracles is what 
limits the size ofinsects. IÝan Insect were any heavier, 


67. Should there be an International ban on the pro- 
duction and use of DIYT? Why or why not? 


68. The caption to Figure 15.30 notes that market 
forces often result in higher prices for organically grown 
foods. Identify some of these market forces. 


69. You are a Brazilian farmer looking to clear-cut a 
rainforest to make room for cattÌe pasture. An environ- 
mental activist from the predominantly beefcating 
United States comes knocking at your door and tries to 
convince you not to cut. hat are some of the argu- 
ments the activist might present, and what counterargu- 
ments can you think offor proceeding with your plan? 


70. Which of the following optons should be more 
effective at sustaining the Ïives of poor people living in 
a developing nation? ©ption 1: Large farms where sur- 
plus amounts offood are grown by relatively few own- 
ers of laree tracts of land. Option 2: Many small farms 
where sufficient amounts offood are grown by numer- 
ous owners of rather small tracts of land. 


Irs weipht would collapse all the tiny channels. In pre- 
historic times, higher atmospheric concentrations of 
oxygen permitted the evolution of much larger Insects, 
such as the 1-meter-long dragonflies often depicted in 
dinosaur books. 


| EXPLORING FURTHER 


www.croplifeamerica.Org 


m 70c bozne pagc 0ƒCrop Liƒt America, ƒormerj) the meri- 
ca? Crob ProtecHon Association, t0hch tuas est4blisÖeil to 
represent cowwbanies that prodluee, sell, aml dlistribiufe che- 
7cdlš 1usedl [Or croÐ ĐY0f€CH00. 


WWW.€pA.gOV 


m Le (be searcb engine at thí site [or the Enuironnenial 
'Đrotection Ageiae) to [tmd 1iu0nueros articles relateél t0 pesti- 
c¡les, 0?›clwang arfIcles o1 the recoU€? 0ƒ tonf11inafedl 
£C0§)šf€1703. 


WWwW.nrCs.usda.gov 


M Hoze page for the Natural Ñes0wrceš ConserUafion SerUice 
0ƒtbe U.S. Debartienf 0ƒ Agriculture. The ission 0ƒ 1his 
đeparteni is to ĐeÌp peobÌe c014€TUe, 17)T0Ue, đi šMSt4110 
01/7 ?04EM?Al †ês011YC€S A111⁄Ì €11U7T011101€01. 


www.thp.org 


m Hozwc bac for Tê Hiungcr Drdject, an tnfernational 
agenc) de¿licatedl to ending 1001k Dung: 


'WWW.CSDInef.Org 


m 7e Center for Sclence ín the Public lnferest sa nonproftt 
cdlucational and adUocacy 0rgazaton tbat ƒ0ctše§ 011 
?proUing the sa[et) andl trutrilonadl qualty oƒour ƒood 
$uppÙ, 

http://cIpotato.org 


M 1je Iniernational Potato Center, knotun tUorl¿hoide Ðy is 
Spanisb acronym CIP, sees tbe potato and oiber Andean 
?0ot ail tuber crojs 4š uwudlervxÐloi1edl res0trces {0 4gricul- 
turAal deUclobment and bunger relief 1n ddeU€lob7146 c01- 
tries. Foundedl tn 1971, CÍP baa tuorRel to cnhance the 
cultiUation, Jiell, pY0Cess1, 4Ä coisuznption 0ƒ}ot4at063. 
11 0iginAl 1uanlAte tuas exÐa0idedl to 1nchúéle si0eet pot4- 
toes and, not recentl), other Ândlean roois and tuÙ€n3 1 
đ4ge† 0ƒ exI1n\cEi001. 
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www.ams.usda.eov/nop 


m CĐec& out te del2/R 0ƒ te UUSDÁI progrlm fÐr cerf/ƒ7ng 


0reannic ƒ0oá. lr cÍ42103 that thĩs prograrn t0ïll belp šaƒ6- 
guAard against creatiuel) 10ordledl packages that 1ẢenH1ƒ) 4 
product at oY@anic tuben onl) a ƒÈuU ingrelientl afc. 


www.ide-international.org 


M 1Ö luternational Deuelopzmment Enterprise (lDE) orøami- 


zatlon, 1u¿tb a sta[foƒf600, bas brougbt nearly I éillioni 
p£ople out 0ƒ)pouerty eUer) Jear by opt1rzzing te é[]cic1i- 
cies 0ƒ all ƒarins tsing 4[Jorvladble lơtU-tech soluH10043. 
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Visit The Chemistry Place at: 
WWw.aw-bc.com/chemplace 


Saline water in 
oceans: 97.2% 


lce caps and 
glaciers: 2.14% 


Available fresh 
water: 0.66% 
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16.1  Water CirculatesThrough 
the Hydrologic Cycle 


16.2  Collectively,We Consume 
Huge Amounts of Water 


16.3  Water Treatment Facilities 
Make Water Safe for Drinking 


16.4  Fresh Water Can Be Made 
from Saltwater 


16.5 Human Activities Can 
Pollute Water 


16.6 __ Microorganismsin Water 
Alter Levels of Dissolved 
Oxygen 


16.7  Wastewater ls Processed 
by Treatment Facilities 


OUR ROLES 
AND RESPONSIBILITIES 
P 


About 97.2 percent of Earth's water is saline (salty) ocean 
water. Another 2.14 percent is fresh water frozen in polar ice 
caps and glaciers. All the rermaining water, less than 1 percernit 
of Earth”s total, comprises water vapor in the atmosphere, 
water in the ground,and water in rivers and lakes—the fresh 
water we relÌy on ïn our daïly lives. 

lf you have ever stood on the shore of one of the Creat 
Lakes or experienced the power of a waterfall or been caught 
in a rainstorm, †t may seem to you that the supply of fresh 
water on Earth is inexhaustible. From the perspective of one 
person, ït is. Our population, however, has grown †o more 
than 6 billion people. lÍ we were to spread ourselves evenly 
across all habitable lands, there would be about so of us in 
every square kilometer. Thus it should come as no surprise 
that collectively we have a significant impact on Earthis rela- 
tively limited resources, such as fresh water. 

We are reminded daily that fresh water is a limited 
resource. In the United States, we see the signs of water 
shortage when farmers fight for the privilege to irrigate, 
when our water utility bills rise, or when the water supply of 
downstream municipalities is endangered as upstream 
municipalities release sewadge into the water. Globally, there 
are many nations in which the primary supply of fresh water 
is rivers that originate in some other nation. As the upstream 
nation diverts fresh water for ïts own expanding population, 
political tensions rise. Over the next decade, for example, ït is 
projected that agricultural development in Ethiopia and 
Sudan will reduce the Nile River flow to Egypt by 15 percert. 
Similarly, Turkey is currently escalating its damming and irri- 
gation projects along the headwaters of the Euphrates Kiver. 
Once fully implemented, these projects could result in a 
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FIGURE 16.1 

The hydrologic cycle. Ñater 
evaporated at Earth5 surface 
enters the atmosphere as water 
vapor, condenses into clouds, 
Pr€cIpitates as rain or snow, and 
falls back to the surface, only to 
go through the cycle yet another 
time. 


4O percent reduction of river flow into Syria and an 8o percent reduction 
Of river flow into lraq. Not surprisingly, this issue has been a major source 
of political tension among these nations. 

In this chapter, we explore some of the fundamental dynamics of fresh 
water resources, the chemistry used to treat and protect these resources, 


and the impact human activity has on them. 


W 
® 16.1 Water Circulates Through the Hydrologic Cycle 


arthS water is constantly circulating, powered by the heat of the sun and the 

orce of gravity. The sun§ heat causes water from Earth§ oceans, lakes, rivers, 

and glaciers to evaporate into the atmosphere. As the atmosphere becomes saturated 

with moisture, the water precIpitates in the form or either rain or snow. This con- 

stant water movement and phase changing ¡s called the hydrologic cycle. As Figure 

16.1 shows, the route ofwater through the cycle can be either from ocean directly 
back to ocean or a more circuitous route over the øround and even underground. 

In the direct route, water molecules in the ocean evaporate into the atmos- 
phere, condense to form clouds, and then precipitate into the occan as either 
rain or snow, to begin the cycÌle anew. 

The cycle is more complex when precipitation falls on land. As with the 
direct route, the cycle “begins” with ocean water evaporating into the atmo- 
sphere. Instead of forming clouds over the water, however, the moist air is blown 
by winds until ít is over land. Now there are four possibilities for what happens 
to the water once it precipitates. It may (1) evaporate from the land back into 
the atmosphere, (2) infiltrate the ground, (3) become part ofa snow pack or gÌa- 
cler, or (4) drain to a river and then back to the ocean. 

WWater that secps below Earths surface fills the spaces between soil particles 
until the soil reaches s2/z/7ø2z, at which point every space ¡s flled with water. 
The upper boundary of this saturated zone ¡s called the water table. The depth 
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Normail water 
table 


Water table 
during drought 


FIGURE 16.2 


- The water table in any location roughly parallels surface contouring. Ín times of 
drought, the water table falls, reducing stream fow and drying up wells. It also falls 
when the amount of water pumped out o£a welÏ exceeds the amount replaced as 
precipitated water infiltrates the ground and recharges the supply. 


of the water table varies with precipitation and with climate. Ït ranges from zero 
depth in marshes and swamps (meaning the water table ¡s at ground level at 
these locations) to hundreds of meters deep in some desert repions. The water 
table also tends to follow the contours o£ the land and lowers during times of 
droughr, as shown in Figure 16.2. Many lakes and streams are simpÌy regions 
where the water table lies above the land surface. 

All water that ¡s below Earth5 surface ¡s called øzøzøzhøzrer. (Liquid water 
that is on the surface——in streams, rivers, and lakes——is called, naturally enouph, 
szƒ4ce 10arer.) Any water-bearing soil layer ¡s called an aquifer, which can be 
thought of as an underground water reservoir. Aquifers underlie the land in 
many places and collectively contain an enormous amount of fresh water— 
approximately 35 times the total volume ofwater in fresh water lakes, rivers, and 
streams combined. More than half the land area of the United States is under- 
lain by aquifers, such as the Oøallala Aquifer stretching from South Dakota to 
Texas and from Colorado to Arkansasl 

As populations grow, the demand for fresh water grows. Precipitation is 
Earths only natural source of groundwater recharge. Although the reservoir of 
groundwater is great, when the pumping rate exceeds the recharge rate, there 
can be a problem. In wet climates, such as in the Pacific Northwest, extraction is 
often balanced by recharge. In dry climates, however, extraction can easily 
excecd recharge. To support laree populations, these areas must import their 
water from distant sources, typically through aqueducts. Ín southern California, 
for example, most of the fresh water comes from the Colorado River throuph 
aqueducts that stretch hundreds of miles. 

The Ogallala Aquifer, which ¡s below the dry High Plains, has supplied water 
to this thirsty agricultural region for more than 100 years. Most of the aquifer is 
water that has been locked underground for thousands of years, however, with 
few sources of replenishment. ÏÝpumping were to cease, it would take thousands 
of years for the water table to return to its original level. In this respect, the Ogal- 
lala, unlike most other aqulfers, is a limited and nonrenewable resource. ÏDespite 
its vast size, withdrawal has been so great in the past 20 years that the area of 
farmland serviceable by the Ogallala has decreased by about 20 percenr. 

As water Is removed from the spaces between soil particles, the sediments com- 
pact and the ground surface is lowered——it s⁄⁄z/2s. In areas where groundwater 
withdrawal has been extreme, the ground surface has subsided significantly. In 


AI 


z Groundwater is found beneath 


nearÌy every square foot of land. 
In some regions, such as deserts, 
this groundwater is many meters 
deep and difficult to reach. In 
moist regions, such as Europe or 
most of North America, the 
groundwater is relatively close to 
the surface and easy to find. 
Dowsing ïs a form of pseudo- 
science where a person claims to 
be able to find groundwater 
using a pronged stick that 
vibrates wildly upon the điscov- 
ery of the water. A wel] is dug at 
the indicated ]ocation, ground- 
water ïs revealed, and the dowser 
paid for his or her services. Of 
course, the dowser is usually suc- 
cessful because groundwater is 
nearly everywhere. The real test 
ofa dowser would be to find a 
Tegion where water is NOT 
located. 

MORE TO EXPLORE: 
James Randi Educational 
Foundation 
WWww.randi.org 
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FIGURE 16.3 


The Leaning Tower of Pisa, buiÏt 
centuries ago, slowly acquired a 
đeviation from the vertical of 
about 4.6 meters as a result of 
groundwater withdrawal. The 
towers foundation has been sta- 
bilized by groundwater with- 
drawal management, and the 
tower should remain stable for 
Y€arS to come. 


FIGURE 16.4 


Fresh water usage In the United 
States (2000) ¡n billions of liters 
per day. 


FRESH WATER RESOURCES 


the United States, extensive groundwater withdrawal for irrigation of the San 
Joaquin Valley of California has caused the water table to drop 75 meters In 20 
years, and the resulting land subsidence has been signiicant. 

Probably the most well-known example of land subsidence ¡s the Leaning 
Tower of Pisa in lraly, shown in Eigure 16.3. Over the years, as groundwater has 
been withdrawn to supply the growing city, the tit of the tower has increascd. 


cK 


An aquifer is a body of underground fresh water.Where does thỉs water 
corne from? 


Was thỉs your answer? The source of all natural underground (and above- 
groungd) fresh water is the atmosphere, which gets most of ïts moisture from 
the evaporation of ocean wa†er. 


® 16.2 Collectively,We Consume Huge Amounts 
of Water 


he U.S. Geological Survey (USGS) began compiling national water-use 
data in 1950. Since then, this federal agency has been conducting surveys 
at 5-year intervals. According to irs 2000 report, the rate at which water enters 
all U.S. aquifers combined ¡s about 6790 billion liters/day.* In 2000, we were 
withdrawing water from these aquifers at an average rate of 1305 billion 
liters/day, meaning we were taking out about 20 percent of the available volume 
cach day. As shown in Figure 16.4, the buÌk ofthis water was used for irrigation 
and as a coolant in the generation of thermoelectric DOwr. 
The numbers in Figure 16.4 tell us that, based on a population o£285 mil- 
lion, the 2000 per-person water usage in the United States was 4580 liters/day 
(1305 billion liters/day + 285,000,000 persons). According to the USGS, each 


p€rson5 personal use was about 8 percent of that amount, which comes to about 


Residential/Commercial 
(public supply) 
164 (13%) 


Industrial 
70 (5%) 


Aquaculture 
14(1%) Domestic/Livestock 
(self-supplied) 


20 (2%) 


Thermoelectric power 
lrrigation 515 (39%) 


518 (40%) 


*These reports are made every 5 years, but it takes several years to compile and cross-check the 
data. Thus, at the time of the printing of this textbook, the data for 2005 were not yet available. To 
check on the status of the year 2005 report, go to http://water.usgs.øoV/watuse. 
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366 liters/day. However, only about one-fourth of that 366 Ïiters is water we 
either drink or use to water our lawns or gardens. The other three-fourths— 
about 275 litersl—becomes household wastewater from our bathtubs, toilets, 
sinks, and washing machines. 

It may seem that because we consume only about 20 percent of the fresh 
water available to us that there is little need to conserve. lhis percentage, how- 
ever, is onÌy an average. Ïn many drier regions of the western United States, water 
usage already exceeds the rate at which aquifers in the region are recharged. In 
Albuquerque, New Mexico, for example, escalating water consumption has 
caused the underlying aquifer to drop by about 50 meters over the past 40 years. 
In response, the local governmenrt is seeking a 30 percent reduction in water 
usage ¡n the next decade. Such a reduction would reduce the water demand by 
about 140 million liters/day and bring water usage to sustainable rates. 

The quality of fresh water varies from one region to another. ÏDeep water 
deposits, for example, are often hiph ¡n dissolved solids. So, even in regions where 
fresh water ¡s plentiful, its important to conserve water to heÌp protect that 
smaller portion of the water supply that is of greatest purity. Furthermore, we are 
not the only species that relies on fresh water. Many ecosystems, such as lakes and 
wetlands, are already stressed by our increasing water demands. ÑWater conserva- 
tion can go far to alleviate this stress even in the face oour growing population. 

According to the USGS, there is good news regarding water conservation 
efforts in the United States. As shown ¡in Eigure 16.5, total fresh water with- 
drawal peaked in 1980 at around 1420 billion liters/day. By 2000, however, the 
withdrawal rate had declined to 1305 billion liters/day even though the popula- 
tion grew from 230 million to 285 million over the same time period. This 
remarkable savings in fresh water was largely the result of improved irrigation 
techniques (Section 15.7), but enhanced public awareness oŸ water resources 
and conservation programs was also a contributing factor. 
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FIGURE 16.5 


Toral withdrawals of fresh water increased from 1950 to 1980 largely because of 
expanded irrigation systems and urban developmenrs. After 1280, however, conser- 
vation measures reduced water usage even ¡n the face ofa growing population. 
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n this activity, you wiïÏl measure the 

water flow rate ïn your bathroom 

and use this rate to estimate the 
ammount of water you use for personal 
hygiene per day. 


WHAT YOU NEED 


Ruler calibrated in centimeters, 
bucket, soo-mililiter measuring cup, 
clock or watch with second hand 


PROCEDURE 


1. Flushing: Calculate the volume of 
the water in your toilet's tank by 
multiplying three dimensions: dis- 
tance across front of tank times 
front-to-back đistance times 
height of water ïn tank, using 
units of centimeters. (Determine 
the water height by removing the 
lid from the tank, estimating how 
many centimeters below the top 
of the tank the water level is, and 
subtracting this distance from the 
total tank height.) Divide the 
number you calculate by 1ooo to 
convert cubic centimeters to liters. 
Alternatively, shut off the water 
valve to the toilet, flush to empty 3. 
the tank, and then fill to the nor- 
mal fill-line using the measuring 
cup and keeping track of how 
much water you add. This ïs the 
amourntt of water used each time 
you flush. The number of Titers you 
flush each day is therefore: 


WATER WISER Ỉ 


Volume of water Average number of Volume of water 
used per flush flushes per day used per day 
L/flush x flushes/day = L/day 


Shower/bath: Use the measuring 
cup to add 1 liter of water to the 
bucket. Mark the water level and 
then pour out the water, preferably 
over some plants. Turn on the 
shower or bath to a typical flow, 
and time how many seconds ït 
takes to fill the bucket to the 
marked level. (lf you are running 
the shower, make sure the bucket 
1s positioned to catch all the water 
that comes out. You may have to 
hold the bucket close to the show- 
erhead to accomplish thïs.) Your 
volume— liter—divided by this 


many second&s is the flow rate ïn 
liters per second. To convert to 
liters per minute, multiply this 
value by 6o seconds/minute. For 
instance, ïf it takes 5 seconds to col- 
lect 1 lïter of water, the flow rate is 


HỆ 6o s 
5S 1min 


= 12 L/min 


Next time you shower or bathe, 
note how many mỉinutes you 
have the water running, and then 
calculate the volume of water 
consumed: 


Rate of Duration of water Volume of water 
water flow flow per day used per day 
L 
——— x min/da = L/⁄d 
min y ———_ 


Bathroom sink activities: Turn on 
your bathroom sink faucet to a 
typical flow rate and rmmeasure the 
number of seconds it takes to fill 
the measuring cup. (Recall that 
5oo miTliliters equals o.s liter.) Log 


the number of seconds you have 
the faucet running at this rate 
over the course of the day as you 
wash, brush your teeth, or shave, 
and then calculate the volume 
youve used: 


Rate of Duration of water Volume of water 
water flow flow per day used per day 
l 
x s/day = L/day 


.. Add up your total bathroom water 


usage for the day: L/day 
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Slaked lime 


WATER TREATMENT FACILITIES MAKE WATER SAFE FOR DRINKING 


Aluminum 
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3Ca(OH); +Al,(SO¿)s —> 2Al(OH); + 3CaSO¿ 


Aluminum 


Slaked lime 
Aluminum Aluminum sulfate hydroxide 
sulfate hydroxide (gelatinous) 


Slaked lime and aluminum 
sulfate added to water react 
to form gelatinous aluminum 
hydroxide. 


FIGURE 16.6 


Slaked lime, Ca(OH);, and aluminum sulfate, Al; (S¿) ;„ react to form aluminum 
- hydroxide, Al(OH);, which forms a gelatinous material used to capture impurities. 


5 16.3 Water Treatment Facilities Make 
Water Safe for Drinking 


ater that is safe for drinking ¡s said to be øø/z/e. In the 

Dnited States, potable water is currently used for every- 
thing from cooking to fushing toilets. The first step in producing 
potable water from natural sources is to remove any dirt particles 
and pathogens, such as bacteria. Figure 16.6 shows how this is 
done by mixing the water with sÏaked lime and aluminum sulfate, 
which coagulate into gelatinous aluminum hydroxide. The alu- 
minum hydroxide starts out dispersed all throuph the water, but 
slow stirring causes it to clump and settle to the bottom of the 
basin, carrying with it many ofthe dirt particles and bacteria. The 
water is then filtered through sand and gravel. 

To improve odor and favor, many treatment facilities 2ez⁄e the water by cas- 
cading it through a column ofaïr, as shown in Figure 16.7. Aeration removes many 
unpleasant-smelling volatile chemicals, such as sulfur compounds. Aeration also 
removes the radioactive gaseous element radon, Rn, which occurs naturally in 
many water sources, especially øroundwater. At the same time, air dissolves in the 
water, øiving ¡t a better taste (without dissolved aïr, water tastes flat). As a fñinal step, 
the water is treated with a disinfectant, usually chlorine gas, Cl;, but sometimes 
ozone, ©›, and then stored ¡n a holding tank that feeds into distribution pipelines. 

Developed nations have the technology and ¡nfrastructure to produce vast 
quantities of potable water, and as a result, many citlzens take their drinking water 
for pranted. The number of water treatment facilities in developing nations ¡s rel- 
atively small, however. In these locatlons, many people drink their water In the 
form o£a hot beverage, such as tca, which ¡s disinfected through boiling. Alterna- 
tively, disinfecting iodine tablets can be used. However, fuel for boiling and tablets 
for disinfecting are not always available. As a result, more than 400 people (mostÌy 
children) die every hour from such preventable diseases as cholera, typhoid fever, 


@) lmpurities captured 
by aluminum hydroxide 
as it settles. 


Gelatinous aluminum 
hydroxide and impurities 
collect at bottom of basin. 


FIGURE 16.7 


'Volatile impurities are removed 
from drinking water by cascading 
it through the columns ofair 
within each of these stacks. 


{yr "¬-...._ 


.= In the early 199os, an anti-water- 
chlorination campaign in Peru 
led the government to stop chÌo- 
rinating the drinking water. 
Within months there were 1.3 
milÏion new cases of cholera 
resulting ïn 13,ooo deaths. 

MOREE TO EXPLORE: 
Chlorine Chemistry Council 
WWW.C3.OTg 


5s6o CHAPTER 16  FRESH WATER RESOURCES 


Potable 
water out 


{y1 


lmin 19o8,Jersey Cïty, New Jersey, 
became the first American city to 
begin chlorinating its drinking 
water. By 191o, as disinfecting 
drinking water with chlorine 
became more widespread, the 
death rate from typhoid fever 
dropped to 2o lives per 10o,OoOO. 
In 1935, the death rate fell to 3 
lives per 1OO,OoOO. By 196O,feWer 
than 2o persons ïn the entire 
United States died from typhoid 
fever. 

©_ MORE TO EXPLORE: 

_ WWW.rwater.com/fact_sheets/ 
chlorine_osog.htm 


lmpure or 
contaminated 
Water in 


_FIGURE 16.8 


Small-scale water disinfecting units, such as the one shown here, hold great value In 
regions of the world where potable water is scarce. 


dysentery, and hepatitis, which they contract by drinking contaminated water. In 
response, several U.S. manufacturers have developed tabletop systems that bathe 
water with pathogen-killing ultraviolet light. Qne model, shown in Figure 16.8, 
disinfects 60 Ïiters per minute, and weighs about 7 kilograms. 

Aside from pathogens, untreated water from welÏs or rivers may contain toxic 
metals that seep Into the water from natural geologic formatlons. Many of the 
wells in Bangladesh, for example, are dug deep so as to be free of the pathogens 
that run rampant in the surface waters of this region. The water obtained from 
these deep wells, however, is highly contaminated with arsenic. The source of this 
arsenic ¡s the underlying rock, which formed from river sediments carried down 
from the Himalayas. Because this region ¡s so densely populated, as many as 70 
million people may be subject to some level of arsenic poisoning, which mani- 
fests irselfas skin lesions and a higher-than-normal susceptibility to cancer. Low- 
cost methods for removing arsenic from well water are being developed. Figure 
16.9 shows a method that involves passing contaminated water through a long 
pIpe filed with a mixture ofiron filings and sand. As the water passes through the 
PIpe. the iron reduces arsenic from water-soluble arsenate Ions to orthoarsenous 
acid, which binds with sand particles and is thus removed from solution. 


At a water treatment facility, chemicals are added to water to purify ït. As 
you learned ïn Chapter 2,however,adding anything to water rnakes the 
water less pure. This beïng true, how can ađđïng chemicals iïncrease the 
purity of the treated water? 


Was thỉs your answer? The water coming ïnto a treatmernt plant is usually a 
heterogeneous mixture containing suspended solids. The chemicals added 
capture these suspended solids, which then sink to the bottom and are eas- 
ïÌy removed.The water therefore contains fewer materials, and so ïts purïity 
has been increased. 
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_FIGURE 16.9 


A method for removing arsenic from well water. The water is fñltered through a long 
pipe flled with iron filings and sand. Water-soluble arsenate ions gain electrons 
from merallic iron to form less-soluble orthoarsenous acid, which gets trapped by 
the sand and does not exit the pipe. 


5® 16.4 Fresh Water Can Be Made from Salt Water 


¡th the depletion of natural sources of fresh water in many regions, there 

has been growing ¡nterest in techniques capable of generating fresh 
water from Earth5 far larger reserves of seawater or from Zzze#Zsb (moderately 
salty) groundwater. Removing salts from seawater or brackish water ¡s called 
đles2l77zatføon, a ptocess carried out In large installations such as the one shown 
in Figure 16.10 on page 562. Worldwide, desalinization pÏants operate in about 
120 countries and have a combined capacity to produce about 16 billion liters a 
day. Ín many areas of the Caribbean, North Africa, and the Middle East, 
desalinized water is the main source oŸ municipal supply. In the United States, 
more than 1000 desalinization plants have a combined capacity of more than 
400 million liters per day. Most of the treated water in the United States is used 
for industrial purposes and comes from brackish sources or from water hiph in 
dissolved minerals. 

The two primary methods of removing salts from seawater or brackish water 
are distillation and reverse osmosis. These techniques are also highly effective in 
removing a host ofother contaminants, such as hard-water ions, pathogens, fer- 
til1zers, and pesticides, and so are also used to purify fresh water. Many brands of 
bottled water, for example, are fresh water that has been treated by either distil- 
latlon or reverse osmosis. 

As noted in Section 2.4, distillation involves vaportzing a liquid and then con- 
densing the vapors to puriRed liquid. More than 60 percent of the world's 
đdesalinized water is produced in this way. Because water has such a high heat of 


Reduction HAsO/Z~ +4H+2e 


Arsenate 
ion 


Oxidaion Fe ——> Fe” +2e- 


Water soluble arsenate 
È DI, 
ion,HAsO,“ 


Orthoarsenous acid, 
H;AsO©,_ ,trapped 
by sand 


Orthoarsenous 
acid 


z In 2oos,about 1oo billion liters of 


bottled water were sold wor]d- 
wide, but mostly ïn developed 
nations where tap water is 
potable. It is difficult to estimate 
the amount of energy consumed 
ïn shipping this bottled water 
from ïts source to the customer, 
but because water is so dense, the 
amountt is likely huge. Assuming 
ït takes about 1oo mL of gasoline 
to ship each liter of bottled water, 
worldwide this would translate to 
about 2s million tons of carbon 
đioxide, not to rmention other pol- 
lutants. Studies show that only 
about 2o percent of drinking 
water bottles are recycled. In Cali- 
fornia alone, more than 1 billion 
water bottles are winding up in 
the trash each year. The plastic 
from these bottles could be used 
†o make 74 million square feet of 
carpet. People who drink bottled 
water should know of ïts hefty 
ecological price tag. 

MORE TO EXPLORE: 
California Department of 
Conservation 
WWW.COTSTV.Ca.gov/ïndex/news/ 
20O3%2oNews%2oReleases/NR2 
Oo3-13_Water_Bottle_ Crisis.htm 


s62 CHAPTER 16  FRESH WATER RESOURCES 


_FIGURE 16.10 


Saudi Arabia ¡s the worlds lead- 
¡ng producer of desalinized water. 
Its desalinizauon plants, such as 
the one shown here, together 
have a generating capacity of 


about 4 billion lirers a day. 


vaporizatlon, however, this technique is energy-intensive. Ioday, most distilling 
plants heat the water by burning large quantities of fossil fuels and so generate 
levels of pollution that are excessive relative to the volume of fresh water pro- 
duced. A solar distiller, shown in Figure 16.11, avoids the burning of fuels but 
requires about Ì square meter of surface area to produce 4 liters of fresh water 
per day. For a single home or small village, this surface area requirement may be 
easily accommodated. For larger urban areas where land is scarce, solar distilla- 
tion Is less practical, especially when the maintenance costs of vast fields of solar 
disullers are taken Into account. 

In many regions of the world, reverse osmosis is the preferred method of 
desalinization. In order to understand reverse osmosis, you must Íirst under- 
stand osmosis, which ¡s the net ow of water molecules from a region where the 
concentration of some solute (or solutes) is lower (or zero) to a region where the 
solute concentration ¡is higher. As Figure 16.12 shows, this fÏow is across a 
semipermeable membrane, defined as one containing submicroscopic pores 
that allow the passage of water molecules but not of any solute particles larger 
than a water molecule. 

WWhen fresh water Is sepbarated from saltwater by a semipermeable membrane, 
the rate at which water molecules pass from the fresh water into the saltwater is 


Black 
Salt silicone 
Water lining - 


FIGURE 16.11 


These solar distillers are popular in remote communities along the Texas-Mexico 
border where the waters from the Rio Grande basin are saline and tainted by agricul- 
tural chemicals. 
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Fresh water 


higher than the rate at which they pass from the saltwater into the fresh water. 
The reason ¡s that there are more water molecules along the fresh water face of 
the membrane than along the saltwater face. 

The result of osmosis is an increase in the volume of the saltwater and a decrease 
¡n the volume of the fresh water. Ihese changes in volume cause a buildup ¡n pres- 
sure, called øszø//c pz£sswze. For the system in Figure 16.13a, osmotic pressure Is a 
consequence of the saltwaterS greater height. This pressure builds as water mole- 
cules move across the membrane from fresh to salt, and the volume of the saltwater 
continues to increase. Ïhe øreater pressure on this side Íorces some water molecules 
to move across the membrane from salt to fresh, against osmosis. Eventually, the 


External pressure 


ị 


Osmotic 
pressure 


(a) Osmosis (b) Equilibrium (c) Reverse osmosis 
ị Net flow Net flow 
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Osmosis. The submicroscopic pores ofa semipermcablc 

membrane allow only water molecules to pass. Because 

ị there are more water molecules along the fresh water facc of 

«ồ ị the membrane than along the solution face, more water 
molecules are available to migrate into the solution than are 

available to migrate into the fresh water. 


_FIGURE 16.13 


(a) Osmosis results in a øreater 
volume of saltwater, which causes 
the pressure to increase on the 
salt side of the membrane. 

(b) When the pressure on the 
salt side gets high enouph, equal 
numbers ofwater molecules pass 
in both directions. (c) The appli- 
catlon ofexternal pressure forces 
water molecules to pass from the 
saltwater to the fresh water, so 
that now the salt-to-fresh fow 
rate is higher than the fresh-to- 
salt ow rate. 
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In an effort to overcorme the mul- 
tiple ecological negatives of bot- 
tled water and a price up to 1ooo 
times that of tap water, many 
bottled water marketers are now 
focusing on supposed peripheral 
benefits of their product. This 
includes the addition of dissolved 
oxygen, which, as discussed in 
Chapter 7, can be no more than 
O.OO83 g/L at room temperature. 
For comparison, a single breath 
of air contaïns about 1oo tỉmes 
the amount of molecular oxygen 
found in a half-liter of “oxy- 
genated” water. Furtherrmnore, 
most of the gases accumulated 
in your gut simply pass out the 
opposite end of your mouth, 
assuming you haven't burped. 
WOorse still are claïms for bottled 
water that contains “functional” 
water, in which the structure of 
water has been mmodified using 
“subtle energy”†to make ït more 
nutritious. Subtle energy, of 
course, cannot be detected by 
current science, but the effects 
on your health, nonetheless, can 
be most dramatic. Buyer bewarel 


MORE TO EXPLORE: 


| 


WWW.0xygenup.com/ 
Wwww.aquatechnology.net/ 
page1i.html 
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rate at which water molecules pass from salt to fresh ¡s the same as the rate at which 
they pass from fresh to salt, and the system reaches equilibrium, as shown in Figure 
16.13b. IÝan external pressure is now applied to the saltwater, đen more water 
molecules are squeezed across the membrane from the salt side to the fresh side, as 
shown in Figure 16.13c. Contrary to what happens in osmosis, water molecules are 
now being forced across the semipermeable membrane from the side having the 
higher concentration ofsolute molecules to the side having the lower concentration 
of solute molecules, and this Is the process called reverse osmosis. The utility of 
Teverse OsimOsis is that ít is a mechanism for generating fresh water Írom saltwater. 

The osmotic pressure generated when seawater and fresh water are separated 
by a semipermeable membrane is an astounding 24.8 atmospheres (365 pounds 
per square inch). IÝ reverse osmosis is to take place with seawater, therefore, an 
external pressure higher than this must be exerted on the water. Generating such 
high pressures has its share of technical difiiculties and is an energy-intensive 
process. Nonetheless, engineers have succeeded ¡n building durable reverse 
osmosis units, shown In Figure 16.1á, that can be networked to generate fresh 
water Írom seawater at rates of millions ofÏiters per day. Reverse osmosis desalin- 
1zatlon facilities treating brackish waters, which require much lower external 
PT€ssures, are proportionately more economical. 


cK 


The cell membranes ïn cucumber celÌs are sernipermeable, meaning water 
mnolecules pass back and forth through the membranes but solute mole- 
cules do not. A cucumber left in a concentrated salt solution shrivels up 
because water rnolecules leave the cells and enter the salt solution. ls this 
an example of osmosis or reverse osmmosis? 


Was this your answer? That no external pressure is involVed rules ouf reverse 
osmmosis. Instead, the shriveling tells you that the cells are losing water mole- 
cules, which must be entering the saltwater. This is osmmosis. Add spices and 
the right kinds of microorganisms to the solution, and you've made a pickle. 


Pressurized 


saltWaf€F Concentrated 
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Semipermeable 
membrane 


Desalinated 
water 


FIGURE 16.14 


An industrial reverse osmosis unit consists oŸ many semipermeable membranes 
packed around highly pressurized saltwater. As desalinated water is pushed out one 
side, the remaining saltwater, which ¡s now even more concentrated, exits on the 
other side. A network of reverse osmosis units operating parallel to one another can 
produce enormous volumes of fresh water from saltwater. 
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MICRO WATER PURIFIER 


ou can build a relatively ineffi- 
cient but fun-to-watch distiller at 
home. 


WHAT YOU NEED 


Deep cooking pot, water,food color- 
¡ng, table salt,heavy ceramic mug at 
least 3 centimeters shorter than 
cooking pot, plastic food wrap, strong 
rubber band that can fit around pot, 
scÏssors, ice cubes, small sponge 


SAFETY NOTE 


Wear safety glasses, and avoid the 
steam produced ïn this experiment 
because steam burns can be particu- 
larly harmful. 


PROCEDURE 


2. Place the mug in the center of the 
pot. 


3. Lay plastic wrap loosely across the 
top of the pot and secure with the 
rubber band.The seal should NOT 
be airtight. Instead, leave two 
opposite edges of the wrap out- 
side the rubber band to prevent a 
buïldup of pressure ïn the pot as 
the water is brought to a boïl. Use 
scissors to trỉïm away any wrap 
hangïng below the rubber band. 
Place an ice cube at the center of 
the wrap, which should then sag 
above the mud. 


4. Puton your safety glasses, place 
your “distiller” on the stove, and 
turn the burner on ]ow to bring 
the water to a low boil. Look for 


down or off ïf the jostling 
becomes too pronounced. 


5s. Boïl the water only until the ice 
cube melts. As it melts, rermove the 
meltwater with the sponge. 


Examine the water ïn the mug, 
both visually and by tasting a few 
drops. Why isn't the food coloring 
or the salt carried over ïnto the 
mnug? How might you modify your 
đistiller to use sunlight to drive the 
distillation? 


1. Fill the cooking pot with water to 
a depth of about 1centimeter. Add 
several drops of food coloring and densing here will drop into the 
1 teaspoon of salt to the water and mnug.Once boïling begins, the 
stir. mnug may jostle. Turn the heat 


signs of cloud formation below 
the ice cube. Liquid water con- 


Desalinated seawater and desalinated brackish water are important new 
sources of fresh water. Although this fresh water is more costly than fresh water 
from natural sources, one could argue that the higher cost reflects fresh waterS 
true value. In the United States, natural sources of fresh water are relatively plen- 
tiful, allowing companies to selÏ fresh water at rates ofa fraction oFa penny per 
liter. Nonetheless, consumers are still willing to buy bottled water at up to $2 
per liter! Each year Americans spend about $400 million dollars on bottled 
water, and the market continues to grow rapidly. Unless we conserve Íresh water, 
It 1§ €asy tO project a growing reliance on distillation and reverse osmOosis. 


® 16.7, Human Activities Can Pollute Water 


ater pollution can arise from either point sources or nonpOint sOurces. 

A poïnt source ¡s one, specific, well-deRned locatlon where a pollutant 
enters a body of water. One example of a point source would be the wastewater 
PIp€s of a factory or sewage treatment plant, as shown in Eigure I6.15a. Point 
sources are relatively easy to monitor and regulate. À nonpoint source ¡s one In 
which pollutants originate at diverse locations——oil residue on streets being one 
example. ÑWater becomes polluted as rain washes the oil residue into streams, 
rivers, and lakes. Agricultural runoffand household chemicals making their way 
into the storm drains of Eigure 16.15b are two other common examples oŸ non- 
point sources o£ water pollution. Because ¡t is difficult to monitor and regulate 


đt 


.= Most bottled water sold today is 

._ simply municipal water that has 
been purified via reverse osrmosis. 
Many homeowners are now đis- 
covering that rather than pur- 
chasing purified water, ït is less 
expensive and more ecologically 
sound to install a smalÌ reverse 
osmosis unit wïithin their own 
home. For fun,carbonators can 
also be installed so that you can 

.__ have your very own soda fountaïn. 

©_ MORE TO EXPLORE: 
wWww.home-water-purifiers-and- 
filters.com/ 
WWW.mccannseng.com 
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_FIGURE 16.16 


Lawns cover 25 to 30 million 
acres In the United States, an area 
larger than Virginia. People tak- 
¡ng care of these Ìawns use up to 
two and a haÏlf times more pesti- 
cides per acre than farmers use on 
croplands. 


FIGURE 16.15 


(a) This technician ¡is assessing the clarity of the effluent coming from a wastewater 
treatmenr facility, a common poinr source of pollution. (b) Nonpoint sources are 
not so easily regulated and depend more on publïc awareness. 


nonpoint sources, the most effective solutions are often public awareness cam- 
palgns emphasizing responsible disposal practices. As Figure 16.16 illustrates, 
lawn care in the United States is a major nonpoint source of water pollution. 

The rate of water contamination from many point sources has decreased 
markedly since the passing of the Clean Ñater Act of 1972 and ¡ts subsequent 
amendments. Prior to 1972, the user ofa water supply, such as a municipality, 
was responsible for protecting the supply. Because it is far more efficient to con- 
trol water pollutants before they are released into the environment, the Clean 
WWater Act shifted the burden oÊprotecting a water supplÌy to anyone discharging 
wastes into the water, such as a local industry. 

WWhen rivers and lakes become polluted, they can be cleaned because they are 
accessible. hen groundwater becomes polluted, however, its a different story. 
Even after the sources of the pollution have been removed, ¡t can be a lifetime 
before the contaminants are removed, not only because the groundwater is so 
Inaccessible but also because the Ïow rate of many aquifers is extremely slow—— 
on the order of only a few centimeters per day! As shown ¡in Figure 16.17, 
groundwater is susceptible to a wide variety o point and nonpoint pollution 
SOUTC€S. 

Municipal solid-waste disposal sites are a common source of øroundwater 
pollution. Rainwater infltrating a disposal site may dissolve a variety of chem- 
icals from the solid waste. The resulting solution, known as leachate, can move 
into the groundwater, Íorming a contamination plume that spreads in the 
direction ofgroundwater flow, as shown in Figure 16.18. To reduce the chances 
of groundwater contamination, the site can be underlain and capped with lay- 
ers of compacted clay or plastic sheeting that prevent leachate from entering 
the ground. A collection system designed to catch any draining leachate may 
also be used. 

Another common source of groundwater pollution ¡is sewage, which 
includes drainage from septic tanks and inadequate or broken sewer lines. 
Animal sewage, especially from factory-style animal farms, is aÏlso a source of 
groundwater (and river water) pollution. Sewage water contains bacteria, 
which ¡f untreated can cause waterborne diseases such as typhoid, cholera, and 
Infectious hepatitis. [f the contaminated groundwater travels relatively quickly 
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through underground sediments in which there are large air pockets, bacteria 
and viruses can be carried considerable distances. However, ¡f the contami- 
nated groundwater fows through underground sediments in which the air 
pockets are very small, as is the case with sand, pathogens are filtered out of 
the water. 


What is the difference between a point source of pollution and a nonpoint 
source? 


Was thỉs your answer? A poïnt source arises from a specific location—you 
can pinpoint ït on a map. A nonpoint source represents a collection of many 
sources, each difficult to trace. Io specify a nonpoïnt source on a rnap, you 
need to draw a circle. 


Solid-waste 
disposal site 
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__FIGURE 16.17 
- The arrows indicate some 


-_ major sources of groundwater 
contamination. 


_FIGURE 16.18 


-_A contaminant plume of leachate 
spreads in the direction of 
groundwater flow. 
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Sewage entering a river dramati- 
cally decreases the level of dis- 
solved oxygen ¡n the water. 
Because ¡t takes time for aerobic 
bacteria to decompose organic 
wastes and because rivers ow, 
the drop in dissolved oxygen Is 
often most pronounccd far 
downstream. Eish start to die 
when the concentration of 
dissolved oxygen dips below 

3 milligrams/Ïiter. 
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*® 16.6 Microorganisms ïn Water Alter Levels 
of Dissolved Oxygen 


aturally occurring water is alive with organisms. At the microscopic level, 
there are microorganisms, some of them disease-causing and others benign. 
One of the natural functions o£ these microorganisms is breaking down organic 
matter. The body ofa dead fish, for example, does not remain at the bottom ofa 
pond forever. [nstead, microorganisms such as bacteria digest the organic matter 
into smalÏ compounds of carbon, hydrogen, oxygen, nitrogen, and sulfur. 

Wc identify bacteria as either aerobic or anaerobic. Aerobic bacteria 
decompose organic matter only ¡in the presence of oxygen, O;. Anaerobic 
bacteria can decompose organic matter in the absence of oxygen. The prod- 
ucts of aerobic decomposition are entirely different from the products of 
anaerobic decomposition. Aerobic bacteria in water utilize oxygen dissolved in 
the water to transform organic matter to such compounds as carbon dioxide, 
CO,, water, H,O, nitrates, NO,~, and sulfates, SO„””. All of these products 
are odorless and, ¡n the quantities produced, cause little harm to the ecosys- 
tem. Anaerobic bacteria in water use different chemical mechanisms to decom- 
pOse organic matter to such products as methane, CHÍ (which ¡s ammable), 
foul-smelling amines such as putrescine, NH;C„HNH;, and 
foul-smelling sulfur compounds such as hydrogen sulfide, 
H;S. Cesspools owe their wretched stink to a lack of dis- 
solved oxygen and the resulting anaerobic decomposition. 

WWhen organic matter is introduced into a body of water, aer- 
obic bacteria need (or “demand”) dissolved oxygen to decompose 
the organic matter. The phrase used to describe this demand ¡s 
biochemical oxygen demand (BOD). As more organic matter 
is introduced, the BOID increases, resulting ¡in a drop in the 
amounrt of dissolved oxygen as the bacteria use more and more 
ofit to do their work. IÝtoo much organic matter is introduced, 
say from the outfall ofa sewage treatment plant, dissolved oxy- 
gen levels can øet so low that aquatic organisms start to die, as 
shown In Figure 16.19. Aerobic bacteria start to work on the 
bodies of these dead organisms, which lowers the oxygen level 
even further, killine offF even the hardiest aquatic organisms. Ulti- 
matcly, the dissolved oxygen level reaches zero. At this point, the 
noxious anaerobic bacteria take over. 


cK 


Which should have a greater capacity to decornpose organic rnatter aerobi- 
cally: a still pond or a babbling brook? 
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Was this your answer? The capacity for aerobic decomposition is limited by 
the amourt of dissolved oxygen. In a babbling brook, aeration guarantees 
that any dissolved oxygen lost to aerobic decomposition is quickly replaced. 
This is not so with a still pond. Cubic meter for cubic meter,a babbling brook 
has a greater capacity to decornpose organic mmatter aerobically. 


In addition to organic wastes, inorganic wastes, such 
as nitrate and phosphate Ions from fcrulizers, can aÌso 
cause the level ofdissolved oxygen to drop. These ions are 
nutrients for algae and aquauc plants, which grow rap- 
idly in their presence, an event called an Z/gz/ bløøzz. Sig- 
nificantly, the plants and algae In a bloom consume more 
oxygen at night than they produce throueh photosynthe- 
sis during the day. Also, in some instances, a bloom can 
cover the surface oFa body of water, as shown in Figure 
16.20, effectively choking of the supply ofatmospheric 
oxygen. As a result, aquatic organisms suffocate and fall 
to the bottom, along with large portlons o£ dead algae. 
Aerobic microorganisms decompose this organic matter 
to the point that the water loses alÍ its dissolved oxygen, 
and anaerobic microorganisms start functioning. This 
process, whereby Inorganic wastes fertilize algae and plants and the resulting over- 
growth reduces the concentratlon of dissolved oxygen in the water, ¡is called 
eutrophication, from the Greek word for “well nourished.” 


® 16.7 Wastewater ls Processed by Treatment Facilities 


he contents of the sewer systems that underlie 

most municipalities must be treated before being 
released to a body of water. The level oF treatment 
depends in great part on whether the treated water Is 
released to a river or the ocean. W/astewater destined for 
a river requires the highest level of treatment for the 
beneft of communities downstream. However, in a 
facility located in a region surrounded by very deep 
ocean water, as is the facility shown in Figure 16.21, 
treatment requirements are less stringent. 

Human waste loses form by the time ¡t reaches the 
wastewater facility, and as a resuÏt raw sewage ¡s a 
murky stream. In this stream, however, are many nonsoluble products, includ- 
¡ng small plastic items, such as tampon applicators, relatively large pieces of 
gritty material, such as coffee grinds and tiny rocks, and hardened balls of oil 
from cooking grease. As Figure 16.22 shows, the ñrst step to alÏ wastewater 
treatment involves removing these materials by passing the raw sewage first 
through a screening device to remove plastic items and grease, and then through 
a tank called a grit chamber to allow any grit to settle out. (You should know 
that wastewater treatment managers point out that these insolubles——even cook- 
¡ng grease—should be disposed ofas solid waste and not thrown down the drain 
or toilet.) 

In the next step, called ø7z7zzy /zea/zez, the screened wastewater enters a 
large settling basin where solid particles too ñne to have been caught by the 
screen settle out as sludge. After a period of time, the sludge ¡s removed from the 


-_ FIGURE 16.20 


Thịs algal bloom consumes oxy- 
gen dissolved in the water and 
prevents atmospheric oxyøen 
from mixing into the pond, 
thereby choking offaquatic life. 


_ FIGURE 16.21 


In the city oF Honolulu, about 
280 million liters of wastewater 
pass through the largest of several 
wastewater facilitics cach day. 
This water can be piped to 
depths of hundreds of meters 
below sea level, from where it 
continues to fow toward the bot- 
tom of the ocean. \Water treat- 
ment requirements are therefore 
much Ìess stringent than those at 
mainland facilitues, where the 
cfluent is not so easily discarded. 
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A schematic for the screening 


- and primary treatment steps in a 


municipal treatment facility. The 
rotating skimmer on the settling 
basin removes any buoyant mate- 
rials not captured ¡n the screen- 
1ng St€P. 
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=_In Hong Kong, about 8o percent 
of all toilets flush using seawater. 
Developed since the 1g6os, this 
system now saves the equivalent 
of about 25 percent of fresh 
water consumption. Also, efflu- 
ent from fresh water activities, 
such as personal hygiene and 
dishwashing,ïs treated and 
reused for watering city trees and 
other nonpotable uses. 

MORE TO EXPLORE: 
www.info.gov.hk/water1so/ 
mbook/TEXT/TEXT ENG/ 
Construction/construction_p3. 
html 


GURE 16.23 


-Á schematic for secondary treat- 


ment of wastewater from a 
municipal sewer system. 
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Settling basin 


Insoluble-waste screen Skimmer 


Grit chamber 


To secondary 
treatment or 
outfall 


To solid-waste 
disposal site 


To solid-waste 
disposal site 


sewage 


bottom of the basin and is often sent to a disposal site as solid waste. Some faci- 
Iies, however, are equipped with large furnaces in which dried sludge ¡is burned, 
sometimes along with other municipal waste, such as paper products. The 
resulting ash is more compact and so takes up Ïess space ¡n a disposal site. 

Wastewater efuent from primary treatment is commonly disinfected with 
either chlorine gas or ozone gas prlor to release into the environment. Á great 
advantage oÊ using chÏorine gas is that it remains ¡in the water for an extended 
time after leaving the facility, thereby providing residual protection against dis- 
eases. However, the chÏorine reacts with organic compounds in the water to 
form chlorinated hydrocarbons, many of which are known carcinogens (cancer- 
causing agents). Also, chlorine kills only bacteria, leaving viruses unharmed. 
zone gas is more advantageous in that it kills both bacteria and viruses. Also, 
there are no carcinogenic by-products that result from treating wastewater efflu- 
ent with ozone. A disadvantage of ozone is that it provides no residual protec- 
tion. Most facilities in the United States use chlorine for disinfecting. European 
facilities tend to favor ozone. In a few locations, both chỈorine and ozone have 
been replaced by strong ultraviolet lamps, which, like ozone, kill both bacteria 
and viruses but offer no long-term residual protcction. 

The BOD of primary effuenr ¡is extremely hiph, and, by virtue of the Clean 
WWater Act, in most places its release is not permitted. A frequently used s£cø/2ry 
ta/zz£zz, shown in Figure 16.23, involves passing the primary efluent first 
through an aeration tank, whích supplies the oxygen necessary for continued aero- 
bíc decomposition, and then into a tank where any fine particles not removed ¡n 
primary treatment can settle out. Because the sludge from this settling step is hịph 


Primary effluent 


To tertiary 
treatment 
or outfall 


To solid-waste disposal 
Site or incinerator 
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In aerobic microorganisms, some oÊ it is recycled back to the acratlon tank to 
increase eficiency. The remainder of the sludee ¡s hauled of to a disposal site or 
Incinerator. The main advantage of secondary treatment ¡s a marked decrease in 
efiuent BOD. 

Many municipalities also require Z£?Z2ry ?zezmeøz. There are a number of 
tertlary processes, most Involving f[tratlon of some sort. Á common method is 
to pass secondary efuent through a bed of ñnely powdered carbon, which cap- 
tures any remaining particulate matter and many oÊ the organic molecules not 
removed in earlier stapes. The advanrage of tertiary treatment is øreater protec- 
tion ofour water resources. Unfortunately, tertiary treatment is costÌy and ordi- 
narily used only in situations where the need ¡s deemed vital. 

Primary treatment and secondary treatment are also costly. WWhere appropri- 
ate, therefore, the millions of dollars spent on wastewater treatment mipht be 
shifted to aÌternative methods of waste management, such as advanced inte- 
grated pond systems, which are described next. 


Distinguish between the maïn functions of primary, secondary, and tertiary 
wastewater treatmertt. 


Was thỉs your answer? Primary treatment uses settling basins to remove 
the bulk of solid waste and sludge from sewage effluent. Secondary treat- 
ment uses aeration to decrease effluent BOD. Tertiary treatment removes 
pathogens and wastes not rermoved by earlier treatments by filtering efflu- 
ent through powdered carbon or other fine particles. 


ADVANCED INTEGRATED POND SYSTEMS TREAT WASTEWATER 


The advanced inteprated pond (ATIP) system, shown in Figure 16.24, ¡sa method 
Of wastewater treatment that makes sense for many communities of 2000 to 
10,000 people in both developed and developing nations. Wastewater is chan- 
neled into an extensive pond system where plants use nutrients from the sewage 
as fertilizer. A system ofpaddlewheels guarantees constant aeration of the efuent, 


FIGURE 16.24 


The pilot advanced inteprated 
pond system ¡n St. Helena, Cali- 
fornia, which has been in opera- 
tion since the 1960s. There are 
now more than 85 AIP systems 
1n OP€TatiOn In various spots 
around the world. 
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Thịs water-saving showerhead 
has a reduced flow rate and a 
quick-action stop button that 
allows the user to turn the water 


off while lathcring up. 


which is naturally disinfected by ultraviolet lipht from the sun. The efuent com- 
¡ng out of an AIP system ïs as clean as—and sometimes cven cleaner than—— 
effluent that has gone through secondary treatment In a conventional faciliry. 
Researchers at the University of California at Berkeley designed an AIP prototype 
that costs one third to one-halfas much to build as a conventional facility of equal 
capacity. A more signiicant source of savings lies in using solar energy rather than 
electrical energy to run aeration pumps. Conventional secondary plants use elec- 
trical energy to blow or mix air bubbles into the wastewater. This aeratlon step 
consumes 60 percent or more of the total electrical energy uscd in wastewater 
treatment. In an ATP system, algae and other plants use solar enerey and photo- 
synthesIs to supersaturate the wastewater with the oxygen that aerobic microbes 
necd to break down waste. AIP systems are particularly applicable in Sun Belt 
communities, where solar energy is plentful, and in developing nations, where the 
supply ofelectrical energy is minimal or nonexistenr. 

Another important advanrage of AIP systems ¡is the small amount of sludge 
they producc. In these ponds, sludge ferments until only a small volume of it 
remains, a substantial beneft in meeting environmental regulations for sludge 
disposal. Furthermore, harvested pÏants are a signiRcant source of biomass, 
which may be fermented to produce methane fuel (natural gas) or incinerated 
in gas turbines to produce electrical energy. 

Perhaps one of the biggest obstacles to improving waste management Íies not 
in available technology, but in our attitude and willingness to accept the large 
one-time setup costs. Human waste Is not a Waste——It Is a resource waiting to be 
utilized. 


® In Perspective 


resh water ¡is one of the most valuable resources our planet has to offer. 
Clearly, each of us must be mindful of fresh waterS true value and practice 
conservatlon measures whenever possible. 

Toward this goal, there is much you can do to conserve water and thus help 
ensure the water supply for future generations. A typical shower, for example, 
flows at a rate ofabout 40 Ïiters per minute. You could reduce this rate by up to 
70 percent by installing an inexpensive water-saving showerhead, like the one 
shown in Figure 16.25. If every home in the United States were equipped with 
these showerheads, about 2400 billion liters of potable water would be con- 
served each year——about 5 percent of our total annual use. For more water con- 
servation ideas worthy of your good citlzenship, please consider the following 
guidelines adapted from the American Water and Energy Savers Âssociation. 


Press lightly, Release, Press completely Press again 
water flows water s†ODs for continuous fÌlow to stop flow 


2o 


WAYS TO SAVE WATER 


. Read your water meter before and after a 2-hour perilod when no water Is 


being used. If the reading has changed, there is a leak somewhere In your 
water system. Get this leak ñxed. 


. Replace washers in dripping faucets. Ifa faucet is dripping at the rate ofone 


drop per second, you can expect to waste 1 1,000 liters per year! 


. Check for toilet tank leaks by adding food coloring to the tank. If the toilet 


1s leaking, color will appear in the bowl within 30 minutes. 


.- Avoid fushing the toilet unnecessarily. 


5. Install a composting toilet, which uses no water. Rather, ¡t allows human 


wastes to decompose Z£727ezlJ as air is vented over the waste, which is 
buried in peat moss. Dried, odor-free compost is removed every few months 
and ïs useful as a garden fertilizer. 


6. Take shorter showers. 


7. When washing dishes by hand, do so in a sink or large pot filled with soapy 


10. 


THÊ: 


H22 


13. 


14. 


To. 


16. 
17. 


18. 
19. 


20. 


water. Quickly rinse under a small stream from the faucet. 


. Operate automatic dishwashers and clothes washers only when they are 


fully loaded, or properly set the water level for the size of load you are 
washing. 


. Store drinking water ¡n the refrigerator rather than letting the tap run every 


time you want a gÌass of cool water. 


Start a compost pile as an alternative method of disposing of food waste 
instead ofusing a garbage disposal, which both consumes a lot of water and 
places food matter in water rather than ¡n soil, where it belongs. 


Dont overwater your lawn. Most lawns need watering only every 5 to 7 
days In the summer and every 10 to 14 days in the winter. 


WWater lawns during the early morning hours when temperature and wind 
speed are lowest. This reduces losses from evaporation. 


Raise the blade ofyour lawn mower to at least 8 centimeters. A lawn cut this 
hiph encourages grass roots to grow deeper, shades the root system, and 
holds soil moisture better than a close-clipped lawn. 


Plant native and/or drought-tolerant grasses, pround covers, shrubs, and 
trees. Qnce established, they do not need to be watered frequently and usu- 
ally survive a dry period without any watering. 


se irrigation techniques in place oÊ sprinklers when watering your 
lawn. 


Do not clean driveways or sidewalks with a hose. se a broom. 


Make your bed yourself when staying at a hotel for more than one night. 
Hóorels use copious amounts of water for cleaning bed sheets. 


Patronize businesses that practice and promote water conservation. 


AIways follow all water conservation and water shortage rules and restric- 
tions in effect In your area. 


Encourage family, friends, and neighbors to be part oŸa water-conscious 
CommunIty. 


[N PERSPECTIVE 
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Í KEY TERMS 


Hydrologic cycle The natural circulation oŸ water 
throuphout our planet. 


Water table The upper boundary ofa soiÏs zone of 
saturatlon, which ¡s the area where every space between 
soil particles is ñlled with water. 


Aquifer A soil layer in which groundwater may fow. 


Osmosis The net ow ofwater across a semipermeable 
membrane from a region where the water 
concentration of some solute is lower to a region where 
the solute concentration ¡s hipher. 


Semipermeable membrane A membrane that allows 
water molecules to pass through its submicroscopIc 
pores but not solute molecules. 


Reverse osmosis A technique for purifying water by 
forcing it throueh a semipermeable membrane. 


Point source A specifc, well-defned location where 
pollutants enter a body of water. 


| CHAPTER HIGHLIGHTS 


WATER CIRCULATES THROUGH THẺ 
HYDROLOGIC CYCLE 


1. In what form does most of the fresh water on our 
planet exist? 


2. How much of EarthS suppÌy of water Is Íresh water? 
3. What two forces power the water cycÌe? 

4. Where ¡s it possible to see the water table aboveground? 
5. Ïs most of the liquid fresh water on our pÏanet 
located above or below ground? 

COLLECTIVELY, WE CONSUME HUGE AMOUNTS 
OF WATER 

6. When did the U.S. Geological Survey begin compil- 


¡ng national water-use data? 


7. About how many liters of fresh water does the aver- 
ape American consume daily for personal use? 


8. Has annual water usage in the United States 
Increased or decreased over the past couple of decades? 


9. What human activity consumes most of our fresh 
water? 


Nonpoint source A pollution source in which the 
pollutants originate at different and often nonspecific 
locations. 


Leachate A solution formed by water that has 
percolated throueh a solid-waste disposal site and 
picked up water-soluble substances. 


Aerobic bacteria Bacteria able to decompose organic 
marter only in the presence of oxygen. 


Anaerobic bacteria Bacteria able to decompose 
Organic matter in the absence of oxygen. 


Biochemical oxygen demand A measure of the 
amount ofoxygen consumed by aerobic bacteria in 
Wa€T. 


Eutrophication The process whereby inorganic wastes 
in water fertilize algae and plants growing in the water 
and the resulting overgrowth reduces the dissolved 
Oxygen concentration of the water. 


WATER TREATMENT FACILITIES MAKE WATER 
SAFE FOR DRINKING 


10. Why is treated water sprayed into the air prior to 
being piped to users? 


11. What do most treatment plants use to fiÏter 
water? 


12. What are two ways in which people disinfect 
water where municipal treatment facilities are not 
avatlable? 


13. What naturally occurring element has been con- 
taminating the water supply of Bangladesh? 


FRESH WATER CAN BE MADE FROM SALTWATER 


14. What are the two main techniques for desalinizing 
water? 


15. What is a disadvantage of solar distillation? 


16. How does a semipermeable membrane allow for the 
passaøe of water molecules but not any solute ions or 
molecules? 


17. What reverses in reverse osmosis? 


HUMAN ACTIVITIES CAN POLLUTE WATER 


18. Why does proundwater take so long to rid itself of 
contaminants? 


19. How can solid-waste disposal sites be desipned to 
minimize the spread of leachates? 


20. What type of soil are pathogens not abÌe to pass 
through? 


21. What did the Clean Ñater Act of 1972 shift? 


MICROORGANISMS IN WATER ALTER LEVELS 
OF DISSOLVED OXYGEN 


22. What are some of the main products of aerobic 
decomposition? 


23. What are some of the main products ofanaerobic 
decomposition? 


24. What cffect does organic matter in water haye on 
the amount ofoxygen dissolved in the water? 


CONCEPT BUILDING 575 


25. Nitates in groundwater tend to come from what 
SOUTC€? 


WASTEWATER IS PROCESSED BY TREATMENT 
FACILITIES 


26. Why can the wastewatcr treatment requirements In 
Hawaii be less stringent than the requirements in most 
locations on the U.S. mainland? 


27. What ¡s the first stcp In treating raw scwagc? 


28. What is the source of the energy used to aerate 
wastewater ¡n an advanced integrated pond system? 


IN PERSPECTIVE 


29. What are two advantages the composting toilet has 
over the Ñush toilet? 


30. How does raising the heipht ofa lawn mower blade 
to 8 centimeters heÌpb conserve fresh water? 


| CONCEPT BUILDING @®broinNrn B8 tNrERMErDIATE  rxprkr 


31.® Look ata map ofany part of the world, and 
you see that older cities are either next to rIVers Or 
next to where rivers used to be. Why? 


32. “The oceans are saltwater, and yet evaporation 
over the ocean surface produces clouds that precipitate 
fresh water. Explain. 


33. ® WWhere does most rainfall on Earth ñnally end up 
before becoming rain again? 


34. ® Withdrawal ofgroundwater for irripation ¡n the 
San Joaquin Valley of California caused the water table 
to drop by 75 meters. Pumping has been greatly reduced, 
the aquifer is slowly rechargine, and water for irripation 
1s now provided by canals that bring water from the adja- 
cent Sierra Nevada. What else might be done to ensure 
an adequate water supply for the foreseeable future? 


35. 8L Removal of roundwater can cause subsidence. 
TẾ the water removal is stopped, will the land likely rise 
to its original level? Defend your answer. 


36. ®  Are our bodies apart from, or a part of, the water 
cycle? 


37. ® Why did the amount of fresh water we collec- 
tively consume start decreasing after 1980? 


38.  Which consumes more water: people turning on 
their faucets or people turning on their electricity? 


39. 8 Why ¡s pollution of groundwater a greater envi- 
ronmental hazard than pollution of surface water? 


40.® Are polar or nonpolar chemical compounds 
more often found ¡n a leachate? Explain. 


41.® Compare the advantages and disadvantages of 
chlorine gas and ozone gas as disinfectants for munici- 
pal water supplies. 


42. ® WWhy is it important to conserve fresh water? 


43. Mipht reverse osmosis be used to obtain fresh 
water [rom a sugar—water solution? Explain. 


44. ® Cells at the top ofa tree have a higher concentra- 
tion öoÊsugars than cells at the bottom. Ñhy? How 
mipht this fact assIst a tree in moving water upward 
from its roOts? 


45.® hy ¡s Ñushing a toilet with clean water from a 
municipal supply about as wasteful as fushing ¡t with 

bottled water? Make a rough sketch ofa home plumb- 
Ing system that uses water from an upstairs bathtub to 
fush a downstairs toilet. 


4ó. 8 Why ¡s it sipnificantly less costly to purify fresh 
water through reverse osmosis than to pur1fy saltwater 
through reverse osmosis? 


47. hy do red blood cells, which contatn an aque- 
ous solution of dissolved ions and minerals, burst when 
placed in fresh water? 


48. ® Some people fear drinking distilled water 
because they have heard ¡t leaches minerals from the 
body. Using your knowledge of chemistry, explain how 
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these fears have no basis and how distilled water ¡s in 
fact very good for drinking. 


49. ® Hlow might water be desalinized by freezing? 
Nhat would be a major advantage and a major disad- 
vantape of such a mcthod? 


50.  Which smeclls worse: a babbling brook or a stag- 
nant pond? Ñhy? 


51.  Phosphates were once a common component of 
laundry detereents because they soften water. Why has 
their use been restricted? 


52. How mipht an air pump be used ¡in the treat- 
ment ofa small pond affected by eutrophication? hat 
should be done to the pond before the pump Is used? 


53. # Is the decomposition offood by bacteria In our 
digestive systems aerobic or anaerobic hat evidence 
SUPPOrtS your answer? 


54. 8# Groundwater can be contaminated by bacteria 
and other pathogens that seep from septic tanks, bro- 


DISCUSSION QUESTIONS 


61. Many brands ofbottled water cost more per liter 
than gasoline. Why do you think people are willing to 
buy such expensive water? 


62. Should the federal government place a tax on bottled 
water to heÌp pay for the environmental costs? Mipht state 
øovernments be more likeÌy to create such a tax first? 


63. List all the reasons, in order of significance, for why 
you think bottled water has become so popular. Do you 
foresee bottled water becoming more or less popular 
within the next 5 years? 10 years? 100 years? 


64. Itis possible to tow huge icebergs to coastal cities as 
a source of fresh water. What obstacles—technological, 

social, environmenral, and polidcal——do you foresee for 
such an endeavor? 


65. The lowest point on our planet ¡s the Dead Sea 
(elevation —413 meters), located in Israel about 80 kilo- 
meters from the Mediterranean Sea and about 175 kilo- 
meters from the Red Sea. Plans are under consideration 
to build a canal connecting the Dead Sea to either the 
Mediterranean or the Red Sea. The elevation đifference 
along the canal would provide enough pressure to 
desalinate seawater by reverse osmosis, yielding as 
much as 800 million cubic meters of fresh water per 
year. Identify some ofthe pros and cons of such a plan. 


ó6. After considering the plan to build a desalinization 
plant at the Dead Sea (sec previous discussion tOpIC), 


ken sewer lines, and barnyard wastes. Ïn many 
Instances, however, this 1s not a serlous health problem 
even in the presence ofa large population. Why? 


55. ® Where does most of the solid mass of raw sewage 
end up after being collected at a treatment facility? 


56. # How are the disinfccting propertles of ultraviolet 
light and ozone similar to each other? 


57. ® What prevents an urban or suburban commu- 
nity from developing an advanced inteprated pond 
system? 

58. ® Why are there few odors emanating from a 
properly managed composting toilet? 


59. $ How might the water from Southern Asias wet 
monsoon season be best captured for use during the dry 
season? 


60. ® WVhy ¡s water more effectively stored within the 
ground rather than within a large dam reservoir? 


discuss how a long tube with reverse osmosis fiÏters on 
one end might be used to extract Íresh water from sea- 
water. Sketch a design and plan for the technical hur- 
dles and daily operations of your own private company. 


G7. Pretend you are the president of Epypt, a country 
whose sole source of fresh water is the Nile River. What 
actions would you take upon learning that Ethiopia, 
which ¡s upstream from Egypt, had begun building 
water projects that would restrict the flow of the Nile? 


68. In reference to human nature, Jerome Delli Priscolli, 
a social sclentist with the U.S. Army Corps of Engi- 
neers, stated, “The thirst for water may be more persua- 
sive than the impulse toward confict.” Do you agree or 
disagree with his statement? Might our universal need 
for water be our salvation or our demise? 


69. In the 19th century, new towns and cities were 
built predominantly alongside oceans, lakes, or rivers. 
In the 20th century, new towns and cities were built 
predominantly alongside automorive highways. Along- 
side what medium, Ifany, wilÏ new towns and cities be 
buiÏt in the 21st century? 


70. Of the following six American coastal cities, which 
do you suppose mipht be the frst to use seawater for 
ñushing toilets: New York City, Miami, Seattle, San 
Francisco, Los Angeles, Honolulu? Which do you sup- 
pose mipht be the last? Why? 


| HANDS-ON CHEMISTRY INSIGHTS 


WATER WISER 


A leaky faucet or toilet can significantly Increase the 
amount ofwater consumed ¡n your bathroom. For a 
lcaky faucct, time how many minutes It takes to collect 
a measurable quantity, such as 0.1 liter. Multiply this 
rate by the number of minutes in a day (1440) to arrive 
at the number of liters lost each day. 

To measure any water loss from a toilet leak (see 
item 3 in “20 Ways To Save Water” on page 573 to see 
how to determine ¡fa toilet is leaking), mark the level 
of water ¡n the Rlled tank, then turn off the toiletS 
water source. \Wait for several hours, recording your 
wait time in minutes. Estimate the volume ofwater 
lost by multiplying the drop in water height by the 
distance across the tank front and then by the tank 
front-to-back distance, using units oFcentimeters for 
all three distances to øet your answer in cubic cen- 
timeters. To convert to liters, divide this number by 
1000 cubic centimeters/]iter. Then divide this volume 
in liters by the number of minutes ït took for thís vol- 
ume to leak out of the tank; this øives you the number 
of liters lost each minute. Multiply this rate by 1440 
minutes/day to arrive at the number of liters lost each 
day. 


MICRO WATER PURIFIER 


WWater readily evaporates in your purifer, but the 
dissolved solute, which has a much higher boiling 
temperature, does not. Thus, the solute—either 
food coloring or salt—is not carried over into the 
mug. 

The warm air above the heated water ¡s saturated 
with water vapor, and warm air can hold more water 
vapor than cool air. So, as the warm saturated aIr Is 
cooled by the ice cube, tiny cloud droplets of]iquid 
water begin to form, and eventually ¡t “rains” into the 
mug. The cooling ofrising warm, moist air 1s how 
many rain clouds form. Review Chapter 8 for more 
details about evaporation and condensation. 

Sunlight can also be used to drive your purifer, but 
to maximize heat absorptlon, use a dark, nonrefec- 
tive pot and make a complete seal with the plastic 
WI4P. 
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EXPLORING FURTHER 


Michael A. Mallin, “lmpacts of Industrial Animal Pro- 
duction on Rivers and Estuaries,” 427caø Scientist, 
January-February 2000. 


R. /2ciory-styke animal farims are a grotuing trend that began 
about 20 years ago. 1s artfcle exblores the 1mjbact that 
sucb [arming has badl on the riUers andl estuar(es oƒ Nortb 
Carolina, the siate that is the sec01iél-largest pork pro¿lcer 
7n the Umited States. 


http://water.usgs.gOV 


M Expiore thí site 0ƒ the U.S. (eological SurU€y ƒor 1xp-fo- 
date 0netUš 1b00t tUatef resources 00 the United States and 
rcferences to publisbedl articles abotut a0 LÙ.Š. tuaf€r $Jsf€1. 
Be sure to explore http:/lwater.usgs.gov/watusc. 


www.idadesal.org 


m Hormc paec ƒOr the International Desalination Ảssociation, 
tUbose goals are the deUelobwenf ad pronotion 0ƒ the 
appr0priate se 0ƒdesalination tecbnology tuorlhuidi. 


WWW.AaWWA4.OTE 


8 Hoznc paec ƒor the bmerican Wñter Wbrks AssociaHon, an 
/mternatlonal, nonproftt scielutiftc andl eucat1onial socief) 
dledlicatdl to the trprouerment 0ƒ drinÈing t0afer qual7y 
ai subbÏy 


WWW.awwWa.Org/waterwIser/ 


M7724 s//e 7S 4 c00Ð€T4AHU€ p†?0jeCE 0[S€U€Ydl enUi?020€0fal 
0rgAa1›izations, ¡ncludlne the American Wiater Wôorks 
Associatiøn aual the U.S. Enuironmental Protectiø Ảgene). 
Boobs, brochures, amdl pabers [0 purcbis. 


www.bicn.com/acic 


7ó learn more about the arsenic crisis 0n Bangladesb, U/s/t 
thị: borne page [or tbe Arsenic Cisis Inƒ0r1mation Ctøfet. 41 
dletailed dlescription› 0ƒ the cheinistr) inUolued in the 
?e70UdÏ 0ƒ'4arsenic can Để [oun¿l at wwW.eng2.uconn.eduƒ 
~nikos/asrt-brochure.html, 
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Visit The Chemistry Place at: 
WWw.aw-bc.com/chernplace 
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17.1 


17.2 


17.3 


17.4 


TJ.5 


Earths Atmosphere 
Isa Mixture of Gases 


Gas Laws Describe 
the Behavior of Gases 


Human Activities Have 
Increased Air Pollution 


Stratospheric Ozone Protects 
Earth from UItraviolet 
Radiation 


Air Pollution May Result 
ïn Global Warming 


ONE PLANET, 
ONE ATMOSPHERE 
—] 


Most of Earthỉs atmosphere is contained within a distance of 
3o kilometers from the planet's surface. Given the size of our 
planet—its diameter is 13,ooo kilometers—this 3o-kilometer 
thickness is ultrathin, so thin that from space the atmos- 
phere appears only as a narrow band along the horizon. 
Indeed, if Earth were the size of an apple, ïts atmosphere 
would be about as thick as the skin of the apple. We learned 
in the previous chapter that fresh water is a limïted resource. 
Now we learn that the air around us is also a limited 
TeSOUTC€. 

Air pollution is a well-known problem, one that migrates 
across international boundaries. Chemists sampling the air 
in North America, for example, can detect heavy metals 
released by smelters operating in China. Chlorofluorocar- 
bons released in the Northern Hemisphere affect ozone lev- 
els ïn the air above the South Pole. Since the introduction of 
the internal-combustion engine, atmospheric carbon diox- 
ide levels have been rising markedly,and global warming is a 
potential consequence. 

Our planet is a gigantic terrarium, and collectiveÌy we are 
its caretakers. With this job comes the responsibility to learn 
how Earths resources can be properÌy managed for the bene- 
fit of all ïts inhabitants. In this chapter we explore some of 
the fundamental dynamics of the atmosphere and the 


impact of human activities. 
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CHAPTER 17 


.s Where is the atmospheric pres- 


sure greater: at the top or bottom 
of a 9-inch round balloon? Inter- 
estingly, the pressure on the 
bottom side of the balloon ïs suf- 
ficiently greater so as to result in 
a small net force upwards.We call 
this net force upwards the 
buoyant ƒorce, which for a g-inch 
balloon equals about O.O145 
pound.Amazingly, this is exactly 
equal to the weight of the aïr 
that the balloon displaces. lf the 
balloon weighs more than o.O145 
pound (6.58 grams), ït falls. But if 
ït weighs ]ess, ït rises, which is the 
case when the balloon is filled 
with helium. The air beneath 
your feet is deeper than the air at 
your head, so is there a buoyant 
force acting on you as wel] If ït 
werer† for the air,would your 
measured weight read more or 
less? By how mmnuch? 

MORE TO EXPLORE: 
Hewitt, Suchocki,and Hewitt, 
Conceptual Physical Science, 
3rd ed.,Addison-Wesley, 2oo4. 
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*® 171 Earth's Atmosphere lsa Mixture of Gases 


f the sun no longer provided heat, as represented in Figure 17.1a, the alr 
molecules surrounding our planet would settle to the ground——much like 
popcorn falls to the bottom ofan unplugeed popcorn machine. Plug in the pop- 
corn machine, and the exploding kernels bumble their way to higher altitudes. 
Likewise, add solar energy to the air molecules, and they, too, bumble their way 
to higher altitudes. Popcorn kernels attain speeds of Ï meter per second and can 
rise l or 2 meters, but solar-heated air molecules move at about 1600 kilome- 
ters per hour, and a few make their way up to more than 50 kilometers in alti- 
tude. Figure 17.1b shows that ¡f there were no gravity, air molecules would fly 
into outer space and be lost from our planet. Combine heat from the sun with 
Earth§ gravity, however, as in Figure 17.1c, and the result 1s a layer of air more 
than 50 kilometers thick that we call the 2/zøs2bere. Thịis atmosphere provides 
oxygen, nitrogen, carbon dioxide, and other gases needed by living organisms. Ït 
protects Farths inhabitants by absorbing and scattering cosmic radiation. Ít also 
protects us from being rained on by cosmic debris because any headed toward 
Earth burns up before reaching us due to the heat generated by friction between 
the fying debris and our atmosphere. 

Table 17.1 shows that EarthS present-day atmosphere is a mixture Of gases— 
primarily nitrogen and oxygen, with small amounts of argon, carbon dioxide, 
and water vapor and traces of other elements and compounds. This has not 
always been the composition of the atmosphere. xygen, for example, was not a 
component until the evolution oFphotosynthesis in primitive life-forms 3 billion 
years ago. Carbon dioxide levels have also varied signiRcantly over time. 

WWce have adapted so completely to the invisible air around us that we some- 
times forget it has mass. At sea level, 1 cubic meter ofair has a mass of 1.18 kilo- 
grams. So the air in an average-sized room has a mass ofabout 60 kilograms— 
about the average mass of a human. When you are under water, the weight of 
the water above you exerts a pressure that pushes against your body. The deeper 
you go, the more water there is above you and hence the greater the pressure 
exerted on you. The behavior of air ¡s the same. Because air has mass, gravity 


(a) Atmosphere with gravity but no solar 


heat: molecules lie on the Earths 
Surface, 


()_Atmosphere with solar heat but 
no gravity: molecules escape into 
outer space. 


(c) Atmosphere with solar heat and gravity: 
molecules reach high altitudes but are 
prevented from escaping into outer space. 


FIGURE 17.1 


Our atmosphere is a result of the acdons ofboth solar heat and gravity. 
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TABLE 17.1 COMPOSITION OF EARTH”S ATMOSPHERE 


Gases Having Fairly Percent by Gases Having Variable Percent by 
Constant Concentrations Volumne Concentrations Volume 
Nitrogen,N, 78 Water vapor, H,O oto4 
Oxygen,O, 21 Carbon dioxide, CO, :.O.O34 
Argon, Ar o.9 Ozone,O. O.OOOOO4” 
Neon,Ne O.OO18 Carbon monoxide, CO O.OOOO2* 
Helium, He O.OOOS Sulfur đioxide, SO, O.OOOOO1” 
Methane,CH„ O.OOO1 Nitrogen dioxide, NO, O.OOOOOI 
Hydrogen, H,„ O.OOOOS Particles (dust, pollen) O.OOOOI” 


“Average value in polluted aïr. 


acts upon the air, giving it weipht. The weight of the aïr, in turn, exerts a pres- 
sure on any object submerged ¡in the air. This pressure is known as atmos- 
pheric pressure, and the deeper you go in the atmosphere, the greater this pres- 
sure becomes. At sea level, you are at the bottom ofan “ocean ofair,” and so the 
atmospheric pressure ¡s preatest. Climb a mountain so that you are no longer so 
deep, and the atmospheric pressure ¡s less. Venture above the atmosphere, and 
you have entered space, where there is no atmospheric pressure. 

Ifyou have ever gone mounrtain climbing, you have probably noticed that the 
air ørows cooler with Increasing elevation. At lower elevations, the air is gener- 
ally warmer. This is because EarthS surface radiates much of the heat it absorbs 
from the sun. As this heat radiates upward, ¡it warms the air—an effect that 
decreases with increasing distance from the ground. 

You have probably also noticed that the 
air grows less dense with increasing eleva- 
tion; that ¡s, there are fewer air molecules 
to breathe for a given volume. You can 
understand why this is so by considering a 
deep pile of feathers. At the bottom of the 
pHe, the feathers are squished together by 
the weight of the feathers above. At the top 
of the pile, the feathers remain fuffy and 
are much less dense. For the same reasons, 
air molecules close to Earth§ surface are 
squeezed together by the greater atmos- 
pheric pressure. Ñith increasing elevation, 
the density of the air gradually decreases 
because of decreasing atmospheric pres- 
sure. Unlike a pile offeathers, however, the 
atmosphere doesnt have a distinct top. 
Rather, ¡it gradually thins to the near vac- 
uum of outer space. More than haÏlf of the 
atmospheres mass lies below an altitude of 


Stratosphere 


% Of atm. 
below here _ 


Troposphere 


Ozone layer 


—50°C ~—————— 90% ofatmosphere —————————. 
below here 


50 km 


40 km 


30 km 


20 km 


10 km 


50% of mass 
of atmosphere 
below 5.6 km 


5.6 kilometers, and about 99 percent lies ch. : =—...—- 


below an altitude of 30 kilometers. 

Scientists classtfy the atmosphere by dividing ¡t into layers, each layer dis- 
tinct in its characteristics. The lowest layer is the troposphere, which contains 
90 percent of the atmospheric mass and essentially all of the atmosphere's 
water vapor and clouds, as Figure 17.2 shows. This is where weather occurs. 


FIGURE 17.2 


The two lowest atmospheric 
layers—troposphere and 
stratosphere. 
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Commercial jets generally fly at the top of the troposphere to minimize the 
buffeting and jostling caused by weather disturbances. The troposphere 
extends to a height o£about 16 kilometers. Íts temperature decreases steadily 
with increasing altitude. At the top of the troposphere, temperatures average 
about —50°C. 

Above the troposphere ¡s the stratosphere, which reaches a heipht of 50 
kilometers. At an alritude of 20 to 30 kilometers in the stratosphere lies the 
0z07£ /2Jer. Stratospheric ozone acts as a sunscrcen, protecting Earth surface 
from harmful solar ultraviolet radiation. Stratospheric ozone also affects 
stratospheric temperatures. Ất the lowest altitudes, the temperature ¡is coolest 
because of the solar screening effect of ozone; air at this altitude ¡s literally 
in the shade of ozone. At higher altitudes, less ozone ¡is available for shading 
and temperature ¡ncreases all the way to a warm 0° at the top of the 
stratosphere. 


cK 
What effect does Earth's gravity have on the atmosphere? 


Was thỉs your answer? Farth's gravity pulls molecules in the atmosphere 
downward, preventing them from escaping into outer space. 


DENSE AS AIR Ï 


⁄ ®# Knowing the density of aïr EXAMPLE 
(1.18 kilograms/cubic meter),* it's a 
straightforward calculation to find the 
mnass of aïr for any given volurne-—sirnply 
multiply air's density by the volume. In the example ANSWER 
given ïn the text, the volume of the average-sized 
Toom was assumed to be 4.oo mneters x 4.OO mnefers x 


What is the mass ïn kilograms of the air in a classroom 
that has a volume of 7o6 cubic meters? 


Each cubic meter of air has a mass of 1.18 kilograms, and so 


3.oo mmeters = 48.o cubic rneters. Thus the mass of the 1.18 kg _ k 
aïr ïn the room is 2 về =3229 
118 kg x 48 mễ = s66 kg which is as much as the combined mass of 15 students 
nố having a mass of about 63 kilograms (138 pounds) each. 
YOUR TURN 


lf you”re curious to know how mnany pounds this is, mul- 


1. Whatis the mass ïn kilograms of the aiïr in an “empty,” 
tiply by the conversion factor 2.2o pounds/1 kilogram. s Bha 


nonpressurized scuba tank that has an internal volume 


of O.O1OO cubic meter? 
2.2o Ïlb 


s66 kgx = 125Ïb 2.. Whatis the mass in kilograms of the aïr ïn a scuba tank 
that has an internal volume of o.o1oo cubïic meter and 
is pressurized so that the density of the aïr in the tank is 


24O kilograms/cubic rneter? 


*This assumes a temperature oƒ 2s°C and a pressure oƒ1 atmosphere. Answers to Calculation Corners appear at the end oƒ each chapter. 


hen water vapor condenses in 
a closed container, very low 


SeVe€FTe. 


CHEMISTRY 


experiment—steam burns can be 
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ATMOSPHERIC CAN-CRUSHER Ĩ 


under water. Crunch! The can is 
crushed by atmospheric pressurel 
Why? 


pressure is created inside the 
container. The atmospheric pressure 
on the outside then has the capacity 1. Fillthe saucepan with water and 
to crush the container. In this activ- set aside. 
ïty you will see how this works for 
water vapor condensing inside an 
aluminum soda can. 


PROCEDURE 


2.. Put about a tablespoon of water 
in the can and heat directly on a 
stove until steam comes out. The 
steam you see indicates that air 
has been driven out of the can and 
replaced by water vapor. 


WHAT YOU NEED 


Water, aluminum soda can, 

Saucepan, tongs 

3. Grasp the can with the tongs and 
quiïckly ïnvert ït into the cool 
water ïn the saucepan just 
enough to place the can opening 


SAFETY NOTE 


Wear safety goggles, and avoid 
touching the steam produced ïn this 


* 17.2 Gas Laws Describe the Behavior of Gases 


clentists of the 17th, 18th, and 19th centuries investigated the relationships 
among the pressure, volume, and temperature of gaseous materials. Their 
observations are summed up by a set of gas laws named in their honor. These 
laws help us to understand the behavior of gases, including the air we breathe. 


BOYLE”S LAW: PRESSURE AND VOLUME 


Think ofthe molecules ofair inside the inflated tire oFan automobile. Inside the 
tire, the molecules behave like zillions of tiny Ping-Pong balls, perpetually mov- 
¡ng helter-skelter and banging against the inner walls. Their impacts on the 
inner surface of the tire produce a jittery force that app€ars tO OUT COars€ S€nses 
as a steady outward push. This pushing force averaged over a unit of area pro- 
vides the pressure of the enclosed air. 

Suppose there are twice as many molecules pumped ¡into the same volume as 
shown in Eigure 17.3. Then the air density—the number of molecules per given 
volume——is double. Ifthe molecules move at the same average kinetic energy, or, 
equivalently, if they have the same temperature, then, to a close approximation, 
the number of collisions will be doubled. This means the pressure ¡s doubled. 

Wc can also double the air density by compressing air to haÏf its volume. 
Consider the cylinder with the movable piston in Figure 17.4. If the piston 1s 
pushed downward so that the volume is haÏlf the original volume, the density of 
molecules will double, and the pressure wilÌ correspondingly double. In general, 
a Ìessening of the volume means a correspondingly larger pressure (because the 
gas density 1s preater), while a larger volume means a correspondingly smaller 
pressure (because the gas density ïs Ìess). 

Notice ¡in the example involving the piston that pressure and volume are 
inversely proportional—as one gets bigger, the other gets smaller. Mathematically, 


FIGURE 17.3 


WWhen the density of gas in the 
tire is doubled, pressure is 


doubled. 
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FIGURE 17.4 


WWhen the volume of gas is 
decreased, the density, and there- 
fore pressure, are increased. 


tì 


= In1783,Jacques Charles was the 
first to fly ïn a balloon filled with 
hydrogen gas——two weeks earlier 
the Montgolfier brothers were 
responsible for the first balloon 
flight using hot air. One of 
Charles's first flights over the 
French countryside lasted about 
45 minutes and took him 15 miles 
†o a small village where the peo- 
ple were so terrified they tore the 
balloon ïnto shreds. 

MORE TO EXPLORE: 

http://en.wikipedia.org/wiki/ 
Balloon_ (aircraft) 
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this means that multiplying these two values by cach other always results In the 
same product: 


PxV- PV 2Px1/2V= PV 


In other words, the “pressure X volume” for a quantity of gas at one time ¡s equal 
to any “pressure < volume” at any other time: 


ĐhM = P;V; 


Here 7 and Vị represent the original pressure and volume, respectively, and J, 
and 2 represent the second pressure and volume. This relationship 1s known as 
Boyles Law after the 17th-century scientist Robert Boyle (sec Chapter 3) who 
frst described ít. Boyles Law, however, only holds true assuming that the tem- 
perature and number of gas particles remain the same. 


U20 S2 V= 


cK 

A scuba diver swimming underwater breathes compressed aïr at a pressure 
of 2 atmospheres. lf she holds her breath while returning to the surface, by 
how much does the volurne of her lungs tend to increase? 


Was thỉs your answer? As she rises to the surface the pressure decreases 
from 2 atmospheres to 1 atrmosphere. Since the pressure halves, the volume 
of aïr in her lungs tends to double. A first lesson in scuba diving is not to 
hold your breath while ascending. To do so can be fatal. 


CHARLES”S LAW: VOLUME AND TEMPERATURE 

The 18th-century French scIentist and daring balloon aviator Jacques Charles 
(1746—1823) discovered the direct relationship between the volume ofa gas and 
Irs temperature. Charles showed that the volume ofa gas increases as its temper- 
ature increases. Likewise, assuming Íixed pressure, the volume ofa gas decreases 
as 1t temperature decreases, as is sShown in Figure L7.5. 

Remarkably, when the volume and temperature of various gases at constant 
pressure are plotted on a graph it appears that at some rather cold temperature, 
~273.15°C, the volume ofany gas dwindles down to zero, as shown ¡in Figure 
17.6. Of course, the volume ofa gas never reaches zero. Somewhere along the 
way the gas transforms into a liquid. Nonetheless, in 1848, William Thomson, 
also known as Lord Kelvin (1824—1907), recognized that this convergent tem- 
perature of—273.15°C would be a convenient zero point for an aÌternative tem- 
perature scale by which the absolute motion ofparticles could be measured. The 
number 0 ïs assigned to this lowest possible temperature——z#søl¿re zerø. Accord- 
ingly, this scale became known as the Kelvin temperature scale (introduced in 
Chapter ]). 

According to Charless Law, a small volume divided by a small absolute 
temperature gives the same ratio as a largee volume divided by a large absolute 
temperature: 


"4... 


— —= >> — COñnsfanf 
đc 


rá 


More generalÌy, we can write an cquation using subscripts to indicate dif- 
ferent volumes and absolute temperatures (as measured ¡n kelvins) of the 
same Øas: 

VÌ. t2 
JỊ ý 
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A perfectly elastic balloon holding 1.o liter of helium at 15o Kis warmed to 
3oo K. What is the new volume of the helium-filled balloon? 


Was this your answer? According to Charles”s law,a doubling ofthe 
absolute temperature results in a doubling of the volume. The new volume 
would be 2.O liters. 


AVOGADRO'S LAW: VOLUME AND NUMBER OF PARTICLES 

As discussed in Chapter 3, the 19th-century Italian scientist Amedeo Avogadro 
hypothesized that the volume ofa gas Isa function oÊthe number ofgas particÌes It 
contains. In other words, as the number of gas particles increases, so does the vol- 
ume, assuming a constant pressure and temperature. This relationship 1s known 
as Avogadrơs Law. An easy way to demonstrate this law is to bÌow into an empty 
plastic bag. The more air molecules you blow into the bag, the bipger its volume. 
Mathematically, we can depIct Avogadros Law by the following cquation: 


UUỆP 


where WJ and ¡ represent the orieinal volume and number of gas particles, respec- 
tively, and W2 and ø; the second, or fñnal, volume and number of gas particÌcs. 


Hydrogen (H2) 


Volume (ml) 
W2) 
S 


0 
Absolute zero 


O O 
~273.15°C xygen (0;) 


10 


100 200 300 


-200 -100 0 
Temperature (°C) 


FIGURE 17.5 


Evan ¡inflates two balloons to the 
same size and heats one over 
some boiling water while the 
other cools down ¡in the freezer. 
A quick recomparison of the two 
balloons shows that while the 
heated balloon expanded, the 
cooled balloon shrunk. Ask your 
Instructor what happens when a 
balloon ¡s dipped into —196°C 
liquid nitrogen and then pulled 
back out. 


FIGURE 17.6 


A plot of the volume versus tem- 
p€rature (at constant pressure) 
for hydrogen, H;, and oxygen, 
O;, in their gaseous phases. Note 
how the gases converge to zero 
volume at the same temperature, 


==2/20:1l)° CÓ: 
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Assuming the same pressure and temperature, which has a greater num- 
ber of gas particles: s L of gaseous water, H,O, or s L of gaseous oxygen, O,? 


Was thỉs your answer? The same volume mmeans the same number of gas 
particles. The particles referred to here are a single molecule of either water, 
H,O, or oxygen, O,. There are just as many water gas particles ỉn 5 liters as 
there are oxygen gas particles. The nature of the gas particles doesrt rmmatter. 
But can you answer this question: Which has a greater nurmber of atoms? 


THE IDEAL GAS LAW 


The properties ofa gas can be described by four interrelated quantities: pressure, 
volume, temperature, and number of particles. Boyles, Charless, and Avo- 
gadro gas laws cach describe how one quantity varies relative to another so long 
as the remaining two are held constant. Ñ/e can combine these three laws Into a 
single law, called the ideal gas law, which shows the relationship of all these 
quanrities in a sinele equation: 


PV= ø„RT 


where is the pressure of the gas, Wis its volume, 7s the number of gas particles, 

and 7ïs the temperature expressed in kelvins. The # in this equation is the ø⁄§ cØ72- 

3⁄z%, which 1s a “universal” constant in that ¡t is the same constant used no matter 

what the identity of the gas. Its value depends only upon the chosen units. A Íre- 

quently used value of0.082057 ¡is obtained when using liters for volume, atmos- 

pheres for pressure, kelvins for temperature, and moles for number of particles: 
. PV _ (1.0000 atm)(22.414 liters) L- atm 


— = 0.082057———— 
„ử (1.0000 mole)(273.15 K) K - mol 


The ideal gas law equation is most powerful in that ít allows you to calculate any 
one ofthe four quantities ofa gas given the other three. Some exampÌes are pro- 
vided in the Calculation Corner on page 588. 

The ideal gas law gets its name from the fact that it only accurately describes 
an 7ZezÍ øzs. Such a gas is one in which individual gas particles have no volume. 
Furthermore, the particles ofan ideal gas experience no electrical attractions or 
repulsions for one another. The particles ofa real gas, however, do have volume 
and they do interact electrically with other gas particles. Real gases, therefore, 
do not follow any of the gas laws perfectly. At normal pressures, however, the 
contribution of particle size to total volume is insignificant and gas laws hold to 
a good approximation. Furthermore, when the temperature of the gas ¡s well 
above the boiling point, gas particles are moving so fast that they rebound off 
of one another without sticking. The interactions, therefore, are negligible and 
so the particles closely resemble an ideal gas. 


*“*ÈNrcK 
Which do gas laws describe more accurately: a gas at high pressure and low 
ternperature or a gas at low pressure and high termmperature? 


Was thỉs your answer? Cas laws work bes† for gases at ÌoW pressures and 
high temperatures. At atmospheric pressure, the distances between aïr mol- 
ecules are rnuch greater than the sizes of the air rmolecules. Also, air is well 
above ïts boiling points (N; boils at—1o6°C and O, at —183”C). This, of course, 
permitted the gas law điscoveries of Boyle, Charles, Avogadro, and others. 


17.2 GAS LAWS DESCRIBE THE BEHAVIOR OF GASES 


TABLE 17.2 VARIOUS GAS LAWS 


Boyle's Law Charles”s Law Avogadro”s Law Ideal Gas Law 
Volurme and Volume and Volume and Combined 
Pressure Temperature Number of Particles Properties 
LẠ. ¿ V_V 
P.Vi= P2 V2 —=<— _—L=-^ PV = nRT 
Lê 1, h, 
1 


Erom the gas laws a model has been developed that gives us insight as to why 
gases behave as they do. This model, known as the kinetic theory of gases, is 
summarized by a set of five postulates: 


1. A gas consists of tiny particles, either atoms or molecules. 


2. Gas particles are in constant random motion, colliding amongst themselves 
and with the walls of the container. 


3. The impacts of gas particles on the walls of the container produce a jittery 
force that appears as a steady push. This pushing force averaged over a unit 
area provides the pressure of the enclosed gas. 


4. Deviations from gas laws arise primarily because of the electrical interactions 
Occurring among gas particles and because gas particles are not infinitely 
small. 


5. The average kinetic energy (energy due to motion) of the gas particles ¡s 
directÌy proportional to the temperature of the gas. 


ÑWe can use these postulates to rationalize the various gas laws (Table 17.2). 
For Boyles Law, pressure decreases with increasing volume because the impact 
of gas particles against the walls of the container ¡s spread out (diluted) over a 
greater area. For Charless Law, volume increases with increasing temperatures 
because faster-moving particles demand more room. Similarly, for Avogadros 
Law, volume increases with an increasing number of particles because more par- 
ticles also demand more room. 


cK 


Assuming a constant volume and number of particles, as the ternperature 
of a gas increases, what happens to the pressure? Why? 


Were these your answers? As the temperature increases in a gas, so does 
the average kinetic energy (speed) of its particles. Faster-moving particles 
have harder impacts agaïnst the surface of a container. More forceful 
impacts rnean greater pressure. Thus, as the temperature of a gas ïncreases 
so does ïts pressure, given a constant volurmne and number of gas particles. 
Understanding this, can you explain why the pressure inside an automobile 
tire is greatest just after driving? 
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s_As compressed air expands to a 
region of larger volume and 
lower pressure, its temperature 
drops. With your mouth wide 
open, blow aïr from your lungs 
onto the paÌm of your hand.With 
minimal expansion, the air of 
your breath is about as warm as 
your lungs. Now repeat the same 
procedure with your lips puck- 
ered so that your breath is com- 
pressed within your mouth and 
expands upon exiting. Try it.The 
đifference is dramatic. Air cools 
as ït expands. In regard to the 
weather, as warm aïir rises 
upwards it expands into less 
dense, higher-altitude air and 
thus cools. Thïs cooling causes 
atmospheric water vapor to con- 
dense ïinto tỉny suspended 
droplets, which is how clouds are 
formed. 

MORE TO FXPLORE: 
Hewitt, Suchocki, and Hewitt, 
Conceptual Physical Science, 3rd 
ed., Addison-Wesley, 2oo4. 
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HOT AIR BALLOONS Ï 


# Any parcel of air will float within the atmosphere pro- 
vided ït has the same density. lf the aïr becormes more 
dense, ït sinks, creating a downdraft. lf the air becomes 
less dense, ït rises, creating an updraft. Use your under- 
standing of this plus gas laws to calculate how hot air 
balloons can be made to rise, falÏ, or remain floating. 


EXAMPLE 


Assume the aïr within a hot air balloon of 4o1,ooo liters ïn 
volume ïs warmed from 298 K to 398 K.What would be the 
new volurmne assuming the balloon could expand? 


ANSWER 


Plug this data into the equation for Charles”s Law to calcu- 
late a new volume of s36,ooo nr. (See Appendix B for a dis- 
cussion about significant figures.) 


ANSWER 


Plug these values into the ideal gas law to solve for n, the 
number of gas particles. Note that PV = nKT can be trans- 
formed algebraically into n = PV/KT. 


PV 
n=— 
KT 

_—_ .oo atm)(4ot,ooo L) 


L-atm 
2o8K 
kg | 88K) 


(eoBaosr 
n = 16,4oo moles 


Multiply by the formula mass to convert this many moles 
into grams: 


(16,4oo moie| 26) = 472,OOO grams 


401OoooL_ x mơle 
2og8K _ 3o8K 
(4ot,ooo L)(ao8 K) Divide this mass by the volume of the balloon to derive the 
x= ==. an ~ density: 
x =536,ooo L 472,000 grams _ mm. 
4O1,ooo L L 


As the aïr inside a hot air balloon expands ït ïsunable to 
stretch out the fabric, which is not very elastic. Instead, the 
expanded aïr escapes out of a hole placed at the top of the 
balloon. The volume of the balloon remains about the 
same, but the mass of the aïr ït contains becomes less, as 
does ïts density. 


YOUR TURN 


1.. Howrnany molecules (in units of moles) are there in a 
hot air balloon with a volume of 4o1,ooo L,a pressure of 
1.OO atmosphere, at a temperature of 398 K? 


2.. Assuming aïr has an average formula mass of 28.8 
EXAMPLE grams per mnole, how many grams ïs this? 
How many molecules (in units of moles) of air are there ïn 
a hot air balloon with a volume of 4o1,ooo L,a pressure of 
1.OO atmosphere, at a temperature of 298 K? Assuming aïr 4. How many grams of cargo (including the mass of the 
has an average formula mass of 28.8 grams per mole, how balloon material, the basket, and occupants of the bas- 
many grams ïs this? What is the density of this aïr ïn units ket) would this balloon be able to lift while remaining 


of grams per liter? afloat? 


3.. What is the density of this air ïn units of grams per liter? 


” 17.3. Human Activities Have Increased Air Pollution 


ny material in the atmosphere that is harmful to health ¡s defined as an z7 
polluzzøz. Cne major source ofair pollutants is volcanoes. The largest vol- 
canic blast of the 20th century, for example, was the 1991 eruption of Mount 
Pinatubo in the Philippines, which released 20 million tons of the noxious gas 
sulfur dioxide, SO;. As Figure 17.7 shows, this sulfur dioxide managcd to travel 
all the way to India in only 4 days. 

In a number of ways, however, humans have surpassed volcanoes as sources 
of pollution. In the United States alone, for example, industrial and other 
human activities have been depositing about 20 million tons of sulfur dioxide 
in the aIr £zy 7z since around 1950! By one estimate, human activitles 
account for about 70 percent of all sulfur that enters the global atmosphere. To 
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FIGURE 17.7 


The cloud of sulfur dioxide generated by the June 15, 1991, eruption o£ Mount 
Pinatubo reached India in 4 days. (The black strips indicate missing satellite data.) 
By July 27, the sulfur dioxide cloud had traveled around the globe. 


stem the human production of air pollutants, the U.S. government passed the 
Clean Air Act in 1970. This act regulated the gaseous emissions of various 
industries but was not comprehensive. An anendment in 1977 greatly restricted 
car emissions, and the most recent amendment, enacted ¡in 1990, overhauled the 
act by regulating the emissions of nearly all air pollutants, including Zezøsøl, 
par/7cizres, and the components Of s70. 


AEROSOLS AND PARTICULATES FACILITATE CHEMICAL REACTIONS 
INVOLVING POLLUTANTS 
Airborne solid particles such as ash, soot, metal oxides, and even sea salts play a 
major role in air pollution. Particles up to 0.01 millimeter in diameter (too small 
to be seen with the naked eye) attract water droplets and thereby form aerosols 
that may be visible as fog or smoke. Aerosol particles remain suspended ¡in the 
atmosphere for extended periods of time and, as Figure 17.8 shows, serve as sites 
for many chemical reactions involving pollutants. 

Larger solid particles, called particulates, tend to settle to the ground faster 
than the particles that form aerosols and hence do not play as big a role in 
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FIGURE 17.8 


(a) Micrograph ofaerosols in the 
atmosphere. (b) An aerosol ¡s the 
site of many chemical reactions 
involving pollutants. Water sur- 
rounding the solid particle 
attracts airborne molecules that 
then readily react in aqueous 
solution before being released 
back into the atmosphere. 
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suspended 
particles 


Particles and water 


-FIGURE 17.9 


During scrubbing ofindustrial 
gaseous effuents, a ñne mist of 
water captures and removes solid 
particles that have diameters as 
small as 0.001 millimeter. 


FIGURE 17.10 


(a) Particles in industrial gaseous 
efluents become negatively 
charged by an electrode and are 
attracted to the positively 
charged wall of the electrostatic 
precipitator. nce ït touches the 
wall, a particle loses its charge 
and falls into a collection bĩn. 
(b) Smokestacks with and with- 


out eleCtrostatic preCiPitatOrs. 
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=<—— Water in 


Water mist 


facilitating atmospheric chemical reactions. ÑWhile they are airborne, 
however, particulates obscure visibility. Atmospheric particulates 
(and aerosols) also have a global cooling cffect because they reflect 
some sunlight back into spacc. 

Industries use a variety of techniques to cut back on emissions of 
solid paruicles. Physical methods include filtration, centrifugal sepa- 
ration, and scrubbing, which, as Figure 17.9 shows, involyes spray- 
¡ng gaseous effluents with water. Another method, electrostatic 
PrecIpitation, shown in Figure I7.10, is energy-intensive but more 
than 98 percent effective at removing particÌes. 


THERE ARE TWO KINDS OF SMOG 


The term s2 was coined ín 1911 to describe a poisonous mixture 
of smoke, fog, and air that settled over the city of London and killed 
1150 people. Smog has since grown to be a major problem, especially 
over urban areas where industrial and human activities abound. 
Weather plays an Important role in smog formation. Normally, air 
warmed by the Earth§ surface rises to the upper troposphere, where 
pollutants are dispersed, as shown in Figure 17.11a. Parcels of dense, 


cold air, however, sometimes settle below warm air in a /£7Ð€?4f1€ 0€r$i0n 
(Eigure 17.11b). Now the air tends to stagnate, which allows for a buildup of 
air pollutants. Temperature inversions may occur Just about anywhere, but local 
geographies make some areas more prone than others. The smog of Los Ange- 
les, for example, is trapped by an inversion created when low-level cold air mov- 
¡ng eastward from the ocean ¡s capped by a layer of hot air moving westward 
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FIGURE 17.11 


(a) Smog Is removcd by rising 


Cool air _.. warm air, (b) Ïn a temperature 
| : ..... Inyersion, smog is trapped as cool 
| cv -Warmalk.. ..., ị air setdes below warm air. (The 


normal scheme of cool above 
warm is inverted.) 


Hot air from 
desert 


Warm air 


mperature inversion 
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Cool air from .`* +Coolair- . -` 
| ocean ¬— 18"... 


from the Mojave Desert. Temperature inversions tend to disperse at night 
because air at higher altitudes cools more quickly than does lower air, which ¡s 
closer to the Earth warm surface. This is one reason the skies in many urban 
areas tend to have less smog ¡n the early morning than ¡in the late afternoon. 


Why are temperature ïnversions more cormnmnon during the day than at 
night? 


Was thỉs your answer? A termperature inversion occurs when a body of 
Wwarm aïr sits above a body of denser cold aïr. The warm aïr is created by the 
heat of the sun, which is out only during the day. 


There are two general types of smog: industrial and photochemical. Indus- 
trial smog, produccd largely from the combustion of coal and oil, ¡s high ¡n 
particulates. Ïts main chemical ingredient, however, ¡s sulfur dioxide, which 
accumulates in the water coating of aerosols and is transformed to sulfuric acid: 


mẽ 1a 6 =ẽ sa. 
Sulfur dioxide Oxygen Sulfur trioxide 


250, + SH =+ 2HØ, 
Sulfur trioxide Nater Sulfuric acid 


Breathing aerosols containing even very low concentrations o£ sulfuric acid can 
cause severe breathing distress. As Section 10.4 discussed, airborne sulfuric acid is 
also a leading cause ofacid rain. Although many industries stilÍ exceed federal stan- 
dards regulating sulfur emissions, levels ofindustrial smog have dropped markedly 
since the passage of the 1970 Clean Air Act and its subsequent amendments. Ín 
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-FIGURE 17.12 


The average daily concentration 
OÊ nitrogen monoxide, nitroøen 
dioxide, and ozone in Los 


Angeles. 


the future, however, maintaining low levels ofsulfur dioxide emissions will become 
more difficult as both national economies and world population continue to ØTOW. 

Photochemical smog consists of pollutants that participate either directly or 
indirectly in chemical reactions induced by sunlight. These pollutants are predom- 
inately nitrogen oxides, ozone, and hydrocarbons, and their prime source ¡s the 
internal-combustion engine. In the combustion chamber, oxygen is mixed with 
vaporized hydrocarbons for the production oFheat, which causes an expansion of 
gases that drives the pistons power stroke. Atmospheric nitrogen ¡s aÌso present, 
however, and at the hiph temperatures characteristic of internal-combustion 
engines, the nitrogen and oxygen form nitrogen monoxide: 


heat+N;+(©; —> 2NO 


Nitrogen monoxide ¡is fairly reactive. Once released from the engine, It reacts 
rapidly with atmospheric oxygen to form nitrogen dioxide: 


27NO+O, —> 2NO; 


Nitrogen dioxide is a powerful corrosive agent that acts on metal, stone, and 
even human tissue. Its brown color is responsible for the brown haze typically 
seen over a polluted city. 

Sunlight initiates the transformation of nitrogen dioxide to nitric acid, HNO-, 
which, along with sulfuric acid, is a prime component of acid rain. Ïn aerosols, 
sunlighrt splits nitrogen dioxide Into nitrogen monoxide and atomic oxygen: 


sunlight+lNO; —> NO+O 


The nitrogen monoxide reacts with atmospheric oxygen to re-form nitrogen 
dioxide, and the atomic oxygen reacts with atmospheric oxygen to form ozone: 


ÔiYU . K, 


Ozone is a pungent pollutant. Ït causes eye irritation and at high levels can be 
lethal. Plant life suffers when exposed to even relatively low concentrations of 
ozone, and ¡t causes rubber to harden and turn brittle. To protect tires from 
ozone, manufacturers have incorporated parafin wax, which reacts preferen- 
tially with the ozone, sparing the rubber. As weÏÏ see in Section 17.4, ozone is 
also formed by natural processes in Earth5 stratosphere, where ¡t fÏters out as 
much as 95 percent of the sun5 ultraviolet rays. So, at Earth5 surface, ozone Is a 
harmful pollutant, while 25 kilometers straipht up It serves as a sunscreen and is 
viral for the good health ofalÏ living organisms. 

A profile ofaverage urban concentrations of nitrogen monoxide, nitrogen diox- 
ide, and ozone ïs given in Eigure 17.12, which neatly shows how the formation of 
one is related to the formation ofthe other two. Early morning rush hour causes a 
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rapid increase in nitrogen monoxide, which by midmorning has largely been con- 
verted to nitrogen dioxide. Ôn a sunny day, following nitrogen dioxide formation, 
ozone levels begin to peak. In the absence oŸa temperature inversion, late-after- 
noon winds clear the pollutants away. After a nipht ofcalm, the cycle bepins again. 

Another class of components in phorochemical smog is hydrocarbons, such 
as those found in gasoline. In the presence of ozone, airborne hydrocarbons are 
transformed to aldehydes and ketones, many of which add to the foul odor of 
smog. Also, incomplete combustion of gasoline leads to the release of øøj/eyele 
aromatic bydrocarbozs, which are known carcinogens. SigniRcant amounts of 
hydrocarbons are also released cach time a car ¡s filled with gasoline. Because 
gasoline is a volatile liquid, any aïr in a closed tank o£ gasoline ¡s loaded with 
øasoline vapors——even when the tank is near empty. Every time you fiÏÏ up at the 
pump, these vapors, about 10 grams worth, are displaced and vented direcdly 
into the atmosphere. Newer gasoline pumps have nozzles designed to trap most 
of these vapors, as shown in Figure 17.13. 


cK 
How does the sun help disperse air pollutants? 


Was thỉs your answer? Sunlight warrns the ground, which in turn warms 
the air, which then rises, carryïng with ït many aïr pollutants. 


CATALYTIC CONVERTERS REDUCE AUTOMOBILE EMISSIONS 


To reduce the production of photochemical smog, the Clean Air Act amend- 
ments require that every automobile exhaust system be equipped with a ez⁄2j/c 
cø?zuerfer. Âs we discussed in Section 9.4, a catalyst is an agent that Increases the 
rate ofa chemical reaction without being consumed by the reaction. Ideally, the 
complete combustion oÊ øasoline generates only carbon dioxide, CO;, and 
water vapor, HO. Less-than-ideal conditions lead to the release of uncom- 
busted hydrocarbons and toxic carbon monoxide, CO. Hot engine exhaust 
fumes containing these components pass through the catalytic converter, where 
catalysts catalyze the reactions that didnft take place in the engine, meaning that 
hydrocarbons and carbon monoxide are converted to carbon dioxide and water. 
As noted in Section 9.4, the catalysts of catalytic converters aÌso reduce emis- 
SIOnS Of nitrogen monoxide, NO, by converting ¡t to atmospheric nitrogen, N›, 
and oxygen, O©„. A typical converter 1s shown in Figure 17.14. 

The catalysis need not be restricted to the exhaust system. One Innoyative 
design, shown in Figure 17.15, coats an automobiles radiator with a base-metal 
catalyst that “eats up” ozone, one of the main components of smog. 
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_FIGURE 17.13 


Some gasoline nozzÌes are 
cquippcd with a jacket that keeps 
gasoline vapors from escaping 
into the atmosphere. [nstead, the 
vapors are directed back to the 
main tank of the gas station 
through a secondary hose hidden 
within the nozzle. 


- FIGURE 17.14 


The caralyst ofan automotive 
catalytic converter is typicalÌy a 
form of platinum, Pt; palladium, 
Pd; or rhodium, Rd. The produc- 
tion of catalytic converters is by 
far the largest market for these 
pr€cIous and semiprecious metals. 


The PremAir” catalyst- coated 
radiator assists in the destruction 
of airborne pollutants, poten- 
tially turning vehicles into net 
pollution absorbers. 
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.ø The space shuttle and other ]ow- 


Í 


orbit satellites skim the surface 
of the upper atmosphere where 
intense ultraviolet rays transform 
O; into atomic oxygen, O, which is 
highly reactive. These ]ow-orbit 
craft therefore need to be made 
of materials that can withstand 
this reactive oxygen. Back on 
Earth, NASA scientists routineÌy 
†est various rmaterials for theïr 
durabilïty agaïnst atomic oxygen. 
It was discovered that atomic 
oxygen reacts with surface 
organiic materials, which are 
effectively rermoved from the sur- 
face as they transform into 
gaseous carbon mmnonoxide or car- 
bon dioxide. The scientists real- 
ized atomic oxygen's usefulness 
for restoring paintings damaged 
by smoke or other organic con- 
taminants. Iogether with art con- 
servationists, they used atomic 
oxygen to restore certain dam- 
aged paintings and ït worked 
spectacularly. 

MORE TO EXPLORE: 
NASA 
WWW.T\asa.gov/vision/earth/ 
everydaylife/ 


FIGURE 17.16 


Mario Molina, E Sherwood 
Rowland, and Daul Crutzen at a 
Pr€ss conference before receiving 
the 1995 Nobel Prize in Chem- 
istry for their work in atmos- 
pheric chemistry, particularly 
concerning the formation and 
decomposition of stratospheric 
ozone. 
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® 17.4 Stratospheric Ozone Protects Earth 
from UItraviolet Radiation 


zone is formed from automobile emissions and ¡s an urban air pollutant, 
but ít is also formed naturally in the stratosphere. At altitudes oŸ20 to 30 
kilometers, high-energy ultraviolet (UV) radiation breaks diatomic oxygen 
down to atomic oxygen, which then rcacts with additional Ô; to form ozone: 


O; + UV nadiation —> 2 O 
A ÂU th 0a =>2Ó, 


Net reaction 3 O„ + ỦV radiation —> 2 O; 


Thịs synthesis of ozone 1s oÊ great beneft to life on Earth because ifthe ultravi- 
olet radiation absorbed ¡in the reaction were to reach Earth5 surface, it would 
cause immediate harm to living tissue. When it absorbs ultraviolet radiation, 
ozone fragments into molecular oxygen and atomic oxygen. These molecules 
eventually re-form ozone. Because chemical bonds are created when ozone re- 
forms, heat energy 1s released: 


O; + UV ndiation —> O; + Ô 
O;,+O =ÔÔÖÔ heat 
Net reaction ©; + UV radiation —> “7y # heat 


Thus harmful ultraviolet radiation is transformed by ozone into a not-so-harmful 
slight heating of the stratosphere. Note that ozone is not lost in this transforma- 
tion, which means it can continue to shield EarthS surface indefnitely from 
ultraviolet radiation. 

The concentration of ozone ¡in the stratosphere is 
quite small. If all of the ozone there were subjected to 
the amount of atmospheric pressure present at Earth$ 
surface, the ozone layer would be only 3 millimeters 
thick instead of 10 kilometers! Nevertheless, this ozone 
layer absorbs more than 95 percent of the ultraviolet 
radiation that comes to our planet from the sun. Ït is 


the safety blanket of Planet Earth. 


Is there any chemical difference between stra- 
†ospheric ozone and the ozone founnd ïn air 
pollution? 


Was thỉs your answer? Absolutely not. Ozone, 
no matter where ït is found, is a molecule made 
of three oxygen atoms. 


In the carly 1970s, Mario Molina (b. 1943) of the Massachusetts [nstitute of 
1echnology, E. Sherwood Rowland (b. 1927) of the University of California, 
Irvine, and Paul J. Crutzen (b. 1933) of the Max Planck Institute in Germany, 
all shown in Figure 17.16, recognized the potential threat to stratospheric ozone 
posed by chlorofluorocarbons (CEFCs). Because CFCs are inert øases, they were 
once commonly used in atr conditioners and aerosol propellants. Two of the 
most frequently used CEC$ are shown ¡n Figure 17.17. 
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Estimates are that CECs are so stable that they remain In the atmosphere 
from 80 to 120 years, and they are now spread througphout the atmosphere. 
Even in the most remote location, there are no fewer than 25 trillion CEC 
molecules in every liter of air you breathel Molina, Rowland, and Crutzen 
realized that CFC molecules reaching the stratosphere are [rapmented when 
exposed to the harsh ultraviolet rays at this altitude, as ilÏustrated in Figure 
17.18. One of these frapmenrs is atomic chlorine, which can catalyze the 
destruction of ozone. ©ne chlorine atom, ïr is now estimated, can cause the 
destruction ofat least 100,000 ozone molecules in the one or two years beÍore 
the chlorine forms a hydrogen chloride molecule, HC], and ¡s carried away by 
atmospheric moisture. 

The fragility of stratospheric ozone came to the world's attention in 1985 
with the discovery of a seasonal depletion of stratospheric ozone over the 
Antarctic continent, a phenomenon known as the øzøe 0ø/¿. That atomic chỈo- 
rine plays an active role in the destruction of Antarctic ozone can be shown by 
measuring chlorine monoxide concentrations over this region. Ãs shown in 
Eigure 17.18, chlorine monoxide is an intermediate molecule that forms during 
the chlorine-catalyzed destruction ofozone. The data in Figure 17.19, collected 
during flights over the South Pole, show the close relationship between stratos- 
pheric levels of chlorine monoxide and ozone. The satellite photographs of 
Figure 17.20 reveal how the shape of the ozone hole corresponds to the shape of 
a map showing chÏlorine monoxide distribution. 

Subsequent studies have shown that the cold, still, sunless Antarctic winter 
favors the formation oÊ stratospheric ice crystals, and airborne compounds 
containing chlorine atoms then accumulate on the crystals. Chemical reac- 
tions on and within the crystals lead to the formation of CÌ,„. In September, 


(@) UV light causes CFC to 
break down, releasing 
chlorine atom. 
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O; @) Chlorine atom reacts 
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chlorine monoxide 
and oxygen. 
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@) Chlorine monoxide reacts with 
another ozone molecule, creating 
two O› molecules and one CÏ atom. 
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FIGURE 17.17 


Two ofthe most common CECs, 
also known as Íreons, were 
CEC-I11, trichlorofuo- 
romethane, and CEFC-12, 
dichlorodiluoro-methane. At the 
height of CFC production in 
1988, some 1.13 million tons 
were produced worldwide. 
Because of their inertness, CECs 
were once thought to pose littlc 
threat to the environmenr. 


FIGURE 17.18 


Pathway for the destruction of 
stratospheric ozone by chlorofu- 
orocarbons. 
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.FIGURE 17.19 


Concentrations of stratospheric 


-_ øzone and chlorine monoxide in 


southern latitudes. As chlorine 
monoxide leveÌs increase, ozone 
levels decrease. The yellow hiph- 
lighting shows where small uc- 
tuations in CÏO concentrations 
result in large Ñuctuations in O; 
concentrations. This is consistent 
with catalytic behavior. 


_FIGURE 17.20 


Satellite images of the Southern 
Hemisphere, showing concentra- 
tions ofchlorine monoxide adja- 
Cent to concentrations of 
stratospheric ozone in September 


1996. 


Ozone,O 


ị : Chlorine 
Ï : monoxide, C|O 
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which ¡is the beginning of the Antarctic spring, sunlipht returns and Írag- 
ments the molecular chlorine into vast amounts of ozone-depleting atomic 
chlorine: 


Cl; + sunlipht —> 2 CI 


An important piece of evidence that some of this chÏorine comes from the 
breakdown of CECs was the unusually hiph levels of Ñuorine compounds 
detected in the Antarctic stratosphere. Ñhereas chlorine compounds come from 
a number of natural sources, Ñuorine compounds in nature are relatively rare. 
The source of this stratospheric fuorine, therefore, 1s most likely chlorofuoro- 
carbons. In addition to elevated fluorine levels, evidence of ozone depletion 
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around the North Pole and midlatitudes, shown in 
Figure 17.21, also confirmed the severity of the 
problem. 

There has been an unprecedented level ofinterna- 
tional cooperatlon toward banning ozone-destroying 
chemicals. The ñrst major step was the signing ofthe 
1987 Montreal Protocol on Substances That 
Deplete the ©zone Layer, which called for the reduc- 
tion o£ CFC production to one-half of 1986 levels 
by the year 1998. However, only a few years after the 
protocol was ratified, in 1990, scientists confirmed 
that the CEC problem was much more serious than 
they believed ¡in 1987 when the protocol was 
drafted. The protocol was soon amended to call for 
cessation ofall CFC production by 1996. Even with 
the protocol in place and the continued cooperation 
ofalÏ signatory nations, however, the ozone-destroy- 
¡ng actions o£ CFCs will be with us for some time. 
Atmospheric CFC levels are not expected to drop 
back to the levels found before the ozone hole was 
formed until sometime in the 22nd century. 
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FIGURE 17.21 


False-color Image of ozone levels 

over the Northern Hemisphere, 
Ra . : : : recorded by NASA$ toral-ozone 

17.5 Air Pollution May Result in Global Warming mapping spectrometer (TOMS). 

Purple and blue areas are areas of 
ozone depletion; green through 
red areas are areas of higher-than- 
normal ozone levels. 


ark your car with its windows closed in the brighrt sun, and its Interior soon 
becomes quite toasty. The inside of a greenhouse is similarly toasty. This 
happens because glass is penetrable by visible light but not by infrared, as ilÏus- 
trated in Eigure 17.22. As you may recall from Figure 5.5, wavelengths of visible 
light are shorter than wavelengths of infrared. Visible light wavelengths range 
from 400 nanometers to 740 nanometers; ¡infrared wavelengths range from 
740 nanometers to a million nanometers. Short-waveleneth visible light from the 
sun enters your car or a øreenhouse and ¡s 

absorbed by various objects—car seats, plants, 

soil, whatever. The warmed objects then emit Shor†-wovelength visible ligh† 
infrared energy, which cannot escape through ni from the sun is †ransmi††ed 
the glass, and so the infrared energy builds up 0 D9ẠI Tác an 

inside, Increasine the temperature. 

A similar effect occurs in Earth§ atmos- Long-woveleng†h infrared 
phere, which, like gÏass, is transparent to visi- rodiofion is no† †ronsmii†ed 
ble light emitted by the sun. The ground . ° ph tưng ch S372 ky 
absorbs this energy but radiates infrared waves. lớn 
Atmospheric carbon dioxide, water vapor, and 
other select gases absorb and reemit much of 
this infrared energy back to the ground, as 
EFigure 17.23 illustrates. This process, called 
the greenhouse effect, helps keep Earth 
warm. The greenhouse effect is quite desirable - . — = — ——- — 
because otherwise Earths averaøe temperature 


would be a frigid —18°C. Greenhouse warming also occurs on Venus buttoafar  FÍGURE 17.22 
greater extent. The atmosphere surrounding Venus ¡is much thicker than Earth5 Glass acts as a one-way valve, let- 
atmosphere, and its composition is 95 percent carbon dioxide, which brings sur- . ring visible lightin and prevent- 


face temperatures to a scorching 450°C. ¡ng infrared energy from exiting. 
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Solar visible light—__ 


Greenhouse————Š . 


gases 


-_FIGURE 17.23 


The greenhouse effect in Earth5 
atmosphere. Visible light from 
the sun ¡s absorbed by the 
ground, which then emits 
infrared radiation. Carbon diox- 
ide, water vapor, and other øreen- 
house gases in the atmosphere 
absorb and reemit heat that 
would otherwise be radiated 
from Earth into space. 
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FIGURE 17.24 


Levels ofatmospheric carbon 
dioxide and global temperatures 
appear to be closely related to 
cach other. 


cK 


What does ït mean to say that the greenhouse 
effect is like a one-way valve? 


TA 


Was thỉs your answer? Farth's atmosphere and 
glass both allow incoming visible waves to pass 
but not outgoïng infrared waves. As a result, 


Er†h radiant energy is trapped. 


ATMOSPHERIC CARBON DIOXIDE 

IS A GREENHOUSE GAS 
The role of carbon dioxide as a greenhousce gas is well documented. Core sam- 
ples from polar ice sheets, for example, show a close relationship berween 
atmospheric levels of carbon dioxide and global temperatures over the past 
160,000 years. This relationship is graphed in Eigure 17.24. Ancient air in 
bubbles trapped ¡n the ¡ce core (Figure 17.25) can be sampled directly. The 
age of the air is a function of the depth of the core. Past global temperatures 
are determined by measuring the deuterium-to-hydrogen ratio in the trapped 
air. When global temperatures are relatively high, the ocean is warmer and 
larger fractions of water containing deuterium evaporate from the ocean and 
fall as snow. A high deuterium-to-hydrogen ratio therefore indicates a warmer 
climatc. 

There ¡s strong evidence that recent human activities, such as the burning of Íos- 
sil fuels and deforestation, are responsible for some dramatic increases in atmos- 
pheric carbon dioxide levels. Prior to the Industrial Revolution, carbon dioxide 
levels were fairly constant at about 280 parts per million, as shown ¡in Figure 17.26. 
During the 1800s, however, levels began to climb (Figure 17.27 on page 600), 

reaching 300 parts per million in about 1910. Today% level 
is a worrisome 380 parts per million! [nterestingly, as can 
be seen in Figure 17.24, ice samples dating as far back as 


_ ˆ300 160,000 years do not show atmospheric carbon dioxide 
tệ levels ever exceeding 300 parts per million. In step with 
280 these increases, averaøe øÌobal temperatures since 1860 


have increased by abour 0.8°C (since 1950 the increase has 
been about 0.5°C). Current estimates are that a doubling 
of todayS atmospheric carbon dioxide levels wilÏ Increase 
the average global temperature by an additional 1.5 to 
4.5°C, 

Carbon dioxide ranks as the number-one gas emitted 
by human activities. hen speaking ofatmospheric pol- 
lutants such as sulfur dioxide, we taÌk in terms of millions 
of tons. The amount o£fcarbon dioxide we pump into the 
atmosphere, however, Is measured in 7/727 of tons, as 
Eigure 17.27 shows. A single tank ofgasoline in an auto- 
A0, 120 tp 022 cụ mobile produces up to 90 kilograms ofcarbon dioxide. A 
ty Jet ying from New York to Los Angeles releases more 
than 200,000 kilograms (about 300 tons). Above all, 
each of us is responsible for activities that result in the 
output ofcarbon dioxide. Qur population increases by about 236,000 individu- 
als every day, which Is about 86 million individuals every year. In 1999, we 
passed the milestone o£6 billion humans. 

WWhen direct monitoring ofatmospheric carbon dioxide began ¡in 1958, the 
ølobal atmospheric reservoir of carbon dioxide was about 671 billion tons, a ñg- 
ure calculated from the observed concentratlon of 315 parts per million. By 
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FIGURE 17.25 


(a) lce cores reveal information about ancient climates. (b) Crystals ofice pho- 
tographed ¡in polarized light revcal tiny air bubbles containing ancient aïr. 


2005, this amount had grown to 810 billion tons, which simple subtraction tells 
us is an increase of 139 billion tons: 


2005 global atmospheric reservoir of CÔ: 810 billion tons 
1958 global atmospheric reservoir of CO,:  — 671 billion tons 
Netincrease: + 139 billion tons 


Over the same period, 
humans released at least 
175 billion tons of atmos- 
pheric carbon dioxide from 


350. s SouthPole 


: Sung e Siple 
fossil-fuel emissions alone. Nhan ca 
Erom these data, we can get 300. 
a feel for natures ability le „ “4e $ 
to absorb carbon dioxide. ị 
Even though we pumped 250 


Atmospheric COa concentration (ppm) 
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out 175 billion tons of car- săn nhai 


bon dioxide, the total quan- R22 S 6n --RECScCenitEsssteesvke le XS SEUGEE 
tity in the atmosphere went 

up by only 139 billion tons. Models suggest that most of the dif- cả 
ference was absorbed by the oceans. Ás we saw in Section 10.4, 360. 
the ocean, because its water ¡s alkaline, can absorb carbon diox- | 
Ide. Carbon dioxide can also be absorbed by vegetation during 
photosynthesis. It has been shown, for example, that trees grow 
more rapidly when exposed to higher concentrations o£ carbon 
dioxide. That levels of atmospheric carbon dioxide are going up 
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FIGURE 17.26 
_ h * * h 300 
Since the Industrial Revolution began in the late 1700s, atmospheric 
carbon dioxide levels have been increasing at accelerated rates. [he 


yellow and red circles are data from ¡ce samples, and the purple cir- 
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cles are measurements from the Mauna Loa Observatory (aÌso pre- 
sented on page 349 in Eigure 10.18). (Wøze: The global temperature 1860 1880 1900 1920 1940 1960 1980 2000 
changes are shown here relative to the average annual temperature for Year 


Khu Dösg2ns0n000000840/000010000/00000000140000010020 


Í 
Ị 
ị 


the years 1950 throuph 1979.) 


6oo 


CHAPTER 17 


Carbon dioxide emissions (billions of tons per year). 


0 " 
1860 1890 1920 


__FIGURE 17.27 


Carbon dioxide emissions from 
the burning of fossil fuels have 
grown dramatically since 1860. 


P" 


s Today, levels of atmospheric car- 
bon đioxide are around 4oo ppm, 
which ïs a new level not achieved 
for likely hundreds ofthousands 
of years. Recent evidence sug- 
gests, however, that about 2s mil- 
lion years ago carbon dioxide 
levels of1ooo to 15oo ppm were 
†ypical. Of course, there were no 
polar ice caps way back then and 
the average sea level was sorne 
7o meters higher than ït is today. 

MORE TO EXPLORE: 
Keyword Search: “Carbon Dioxide 
Paleogene” 
WWww.nationmaster.com/ 
encyclopedia/lIce-sheet 
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Year 


tells us that we are excecding nature absorbing 
pPOWer. 

With less than 5 percent of the worlds popu- 
lation, the United States ranks first in carbon 
dioxide emissions and is responsible for about 25 
percent of global carbon dioxide emissions. 
Industrial natlons worldwide are responsible for 
about 58 percent of carbon dioxide emissions, 
primarily from the combustion of fossil fuels. 
Developing nations account for the remaining 
42 percent, but their sources of carbon dioxide 
are split between fossil fuels (19 percent) and 
deforestation (23 percent). 

Deforestation presents multple threats to 
atmospheric resources. Ifthe cụt wood is used for 
fuel rather than lumber, burning the fuel releases 
carbon dioxide into the atmosphere. ÑVhether 
the wood is used for fuel or for lumber, thouph, 
cutting down any forest destroys a net absorber 
of carbon dioxide. Furthermore, tropical forests have the capacity to evaporate 
vast volumes ofwater vapor, which assist in the formation o£clouds. The clouds 
in turn keep regions cool, by refecting sunlight, and moist, by precipitating 
rain. Farmers who burn down rainforests for farmland, therefore, are simultane- 
ousÌy cutting off their future supply of rainwater. When their farms become 
desert, they are then spurred to burn even more of the rainforest. So far, about 
65 percent of all rainforests have been destroyed. At present rates, within a few 
decades remaining rainforests will not be able to sustain regional climates, which 
will leave more than a billion citizens of the rapidÏy growing communities of 
South America, Africa, and Indonesia in the midst ofarid land. 

As their economies and populations continue to grow over the next several 
decades, developing nations will likely surpass industrial nations in the amounts 
o£ carbon dioxide and other pollutants they emit. As discussed in Chapter 19, 
however, new energy-efiicient technologies that minimize emissions are now 
available. In a best-case scenario, developing nations wilÏ be able to utilize these 
new technologies while maintaining needed economic growth. 


1950 1980 2000 


THE POTENTIAL EFFECTS OF GLOBAL WARMING ARE UNCERTAIN 


There ¡is general consensus that increased levels of atmospheric carbon dioxide 
and other greenhouse gases will result in global warming. How much tempera- 
tures may rise, however, Is uncertain, as are the potential effects of the tempera- 
ture increases. This uncertainty ¡s due to the laree number of variables that 
determine global weather. The sun5 intensity, for example, changes over time, 
as does the ocean$ ability to absorb and distribute greenhouse heat. Another 
variable is the cooling effect of cloud cover, atmospheric dust, aerosols, and ice 
sheets, which all serve to reflect Incoming solar radiation. 

A number of mechanisms may ease or even reverse global warming. For 
example, we may have underestimated the capacity oŸ oceans and plants to 
absorb carbon dioxide. Greater levels of atmospheric carbon dioxide may sim- 
ply mean more carbon dioxide in the ocean and more abundant plant life. Fur- 
thermore, warmer global temperatures could mean an ¡increase in cloud cover 
worldwide and an increase in snowfall in the polar regions. Both ofthese effects 
would tend to cool the Earth by increasing the refection of solar energy. If the 
cloud cover and snowfall became unusually extensive, continued reflection of 
solar radiatlon could even trigger an Ice aøe. 


17.5 AIR POLLUTION MAY RESULT IN GLOBAL WARMING 601 


Ơn the other hand, mechanisms may enhance 
ølobal warming. Warmer oceans might have a dimin- 
ished capacity to absorb carbon dioxide because the 
solubility of carbon dioxide in water decrcascs with 
Increasing temperature. Rapid climatic changes might 
destroy vast reglons of Íorests and yegetatlon, meaning 
those reservoirs for carbon dioxide absorption would 
no longer exist. Alternatively, more abundant plant 
Life might not be as benefcial for the atmosphere as we 
hope because, although plants absorb carbon dioxide, 
they also emit other greenhouse gases, such as 
methane. Ñarmer global temperatures might also 
enhance microbial activity in the soil. Microbes decay- 
ing oreanic matter are a significant source of carbon 
dioxide in dry soils and a source of methane in wet 
soils. Furthermore, large quantities of methane locked 
in Arctic permafrost may also be released as a conse- 
quence ofwarmer terrain. As repbresented in Eigure 17.28, we 
just donrt know. 

An average global temperature Increase of only a few 
degrees would not be felt uniformly around the world. 
Instead, some places would experience wider fuctuations 
than others. For example, the number of days temperatures 
reach above 32°C (90°F) might double in New York City 
but remain unchanged in Los Angeles. The number of days 
in polar regions when temperatures rise above 0°C might 
double or even triple, causing glaciers and polar ice sheets to 
melt. Melting ice combined with the thermal expansion of 
ocean waters would lead to an increase in sea level. Many cÏi- 
matologists project that a globaÏ temperature increase of a 
few degrees over the next 50 to 100 years may raise sea level by about 1 meter, 


enouph to inundate many coastal regions and displace millions of people. WWhich weather extreme might 

Small changes in average ølobal temperatures would also change weather become more prevalent as green- 
patterns. The warming of the equatorial eastern Pacifc Ocean during an El house gases continue to increase? 
Niño, for example, is already known to change local weather patterns through- Either one is possible. 


out the world. If the whole planet were to warm by a few degrees, the impact 
would be far greater. What ¡s now fertile agricultural land may turn barren 
while land now barren may turn fertile. Cver the past several decades, for 
example, average global temperatures have edged upwards. In step with this 
warming trend, the growing seasons of the Great Plains of Canada are up to 
2 weeks longer than they were just several decades ago. As weather patterns 
change, one nations gain may well be another nations loss. Developing 
nations lacking the resources to make adjustments, however, would be the 


hardest hit. 


cK 
Why are scientists uncertain about the potential effects of global warming? 


Was this your answer? The uncertainty is due to the large number of vari- 
ables that determine global weather. As the debates continue, bear ïn mind 
that the ïssue is not global warming ïtself but rather its potential effects. 
One thỉng that is certain is that ïf the levels of greenhouse gases ïn the 
atmosphere continue to rise, there will definitely be an ïncrease ïn average 
global temperafures. 
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| KEY TERMS 


* In Perspective 


cience rells us that the potential for human-induced global warming is rcal, 
but the extent of global warming is uncertain. Actual detection wilÍ come 
only from a slow but steady accumulation of evidence. Ñhat should be done in 
the meantime is not a scientifc issue but rather a societal one. 

One societal response to global warming ¡s to adapr ro the changes as they 
occur. Economists argue that larøee uncertainties in climate projections make it 
unwise to spend large sums trying to avert disasters that may never materialize. 
Adjusting to immediate changes would be more direct and far less costly. Some 
measures, however, could be taken now to simplify future difficulties. Irrigation 
systems, for example, might be made more efficient because even without a 
major climatic change, such an improvement would malee ït easler to cope with 
normal extremes In weather. 

A second societal response is to take preventive measures to minimize global 
warming. Emissions of greenhouse øases could be kept low by energy conserva- 
tion and by shifting to fuels containing lower percentages of carbon, such as nat- 
ural gas or, ultimately, hydrogen. Alternative energy sources such as biomass, 
solar thermal electric generation, wind power, and photovoltaics could also be 
exploited. Governments may aÌso come to agree on a set o standards for emis- 
sions of carbon dioxide and other greenhouse gases. “Polluting rights” may be 
granted to each nation based on such factors as population and the need for eco- 
nomic growth. 

The best public policies will be the ones that yield benefits even ¡n the 
absence of global warming. Ä reducuon in fossil-fuel use, for example, would 
curb air pollution, acid rain, and the dependence of many countries on foreign 
oil producers. Ieveloping aÌternative energy sources, revisine water Ïaws, search- 
¡ng for drought-resistant crop strains, and negotiating International agreements 
are alÏ steps offering widespread benefts. 


Atmospheric pressure The pressure exerted on any Avogadros Law A gas law that describes the direct 


object immersed ¡n the atmosphere. 


Troposphere The atmospheric layer closest to Earths 
surface, containing 90 percent of the atmospheres mass 


relationship between the volume of a gas and the 
number of gas particles it contains. The greater the 
number of particles, the greater the volume. 


and essentially all water vapor and clouds. Ideal gas law A gas law that summarizes the 


Stratosphere The atmospheric layer that lies just 


above the troposphere and contains 


relationships among pressure, volume, temperature, and 
number of particles oFa gas within a single equation 


the ozone layer. : 
often expressed as PV= 77; where Ö¡s the gas constant, 


Boyles Law A gas law that describes the inverted which has a value of0.082057 (L - atm/K - mol). 
relationship between the pressure oFa gas and its 
volume. The smaller the volume, the greater the Kinetic theory ofgases A theory that explains the gas 


PT€SSUF€. 


Charless Law A gas law that describes the direct 


laws in terms of gases being comprised of rapidly 
moving tiny particles, either atoms or molecules. 


relationship between the volume oŸa gas and its Aerosol A moisture-coated, microscopic, airborne 
temperature. The greater the temperature, the ørcater particle up to 0.01 millimeter in diameter that 1s a site 
the volume. for many atmospheric chemical reactions. 


Particulate An airborne particle having a diameter 
greater than 0.01 millimeter. 


Industrial smog Visible airborne pollution 
containing large amounts of particulates and sulfur 
dioxide and produced largely from the combustion of 
coal and oil. 


CHAPTER HIGHLIGHTS 


EARTH'S ATMOSPHERE IS A MIXTURE 
OF GASES 


1. Why doesnt gravity fatten the atmosphere against 
EarthS5 surface? 


2. Which elements make up todayS atmosphere? 


3. Which chemical compounds make up today5 
atmosphere? 


4. In which atmospheric layer does all our weather occur? 


5. Does temperature increase or decrease as one moves 
upward in the troposphere? 


6. Does temperature increase or decrease as one moves 
upward in the stratosphere? 


GAS LAWS DESCRIBE THẺ BEHAVIOR OF GASES 


7. What happens to the pressure inside a tire as more 
air molecules are pumped into the tire? 


8. What happens to the pressure ofa gas as its volume 
is decreased? (Assume constant temperature and num- 
ber of particles.) 


9. hat happens to the volume oŸa gas as its tempera- 
ture is Increased? (Assume constant pressure and num- 
ber of particles.) 


10. At what temperature do gases theoretically cease to 
occupy any volume? 


11. What happens to the volume ofa øas as more øas 
PP { 5 5 
particles are added to it? (Assume constant pressure and 

temperaturc.) 


12. Why do real gases not obey the ideal gas law 
perfectly? 

HUMAN ACTIVITIES HAVE INCREASED 
AIR POLLUTION 


13. What ¡s the difference between an aerosol and a 
particulate? 


14. What Is a temperature Inversion? 
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Photochemical smog Airborne pollution consisting of 
pollutants that participate in chemical reactions 
induced by sunlighr. 


Greenhouse effect The process by which visible lipht 
from the sun ïs absorbed by the Earth, which then 
emits infrared energy that cannot escape and so warms 
the atmosphere. 


15. What is the difference between industrial smog and 
photochemical smog? 


16. When ¡s ozone useful and when is it harmful? 


17. How do unburned hydrocarbons contribute to air 
polluton? 


18. How does a catalytic converter reduce the output of 
air pollutants from an automobile? 


STRATOSPHERIC OZONE PROTECTS THE EARTH 
FROM ULTRAVIOLET RADIATION 


19. How ¡s ozone produced ¡n the stratosphere? 
20. Why is stratospheric ozone so Important? 


21. Where else besides Antarctica are there signs of the 
depletion of stratospheric ozone? 


22. When was the potential harm of chlorofuorocar- 
bons first recognized? 


23. During what time of the year is Antarctic stratos- 
pheric ozone depletion the greatest? 


24. In what city was the protocol on substances that 
deplete the ozone layer ratified? 


AIR POLLUTION MAY RESULT 
IN GLOBAL WARMING 


25. How do greenhouse gases keep EarthS surface warm? 


26. How do scientists estimate the age ofancient air in 
bubbles trapped in an ice core? 


27. How is the burning of tropical rainforests a triple 
threat to weather patterns? 


28. When does burning a tree not result in an increase 
in atmospheric CO,? 


29. Ñhy do scientists differ in their opinions about the 
potential effects of global warming? 


30. Contrast the two types of societaÌ resbonses to 
global warming discussed in the text. 
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CONCEPT BUILDING @broiuwrR NiNTERMPDIATE $ cxprrr 


31. ® Gas flls all the space available to ¡t. Why then 
doesnt the atmosphere go ofŸinto space? 


32. # How does the density of air in Death Valley, 
which ¡s 86 meters below sea level, compare with the 
density ofair at sea level? Explain. 


33. ® Why do your ears pop when you øo up In an 
airplane? 


34. 8. Before boarding an airplane, you buy an airtight 
foil package of peanuts to eat during your journey. 
WWhile in fipht you notice that the package ¡is puffed 
up. Explain. 


35. ® Should the atmospheric ratio of nitrogen mole- 
cules to oxyeen molecules increase or decrease with 
Increasing altitude? 


36. ® WWe can understand how pressure 
in water depends on depth by consider- 
¡ng a stack ofbricks. The pressure at the 
bottom face of the bottom brick corre- 
sponds to the weipht of che entire stack. 
Halfway up the stack, the pressure ¡s haÌf 
the bottom value because the weight of 
the bricks above is half the total weight. 
To explain atmospheric pressure, we 
should consider a similar scenario but with compressi- 
ble bricks made from a material like foam rubber. hy? 


37. ® The density ofair at 25°C and I armosphere of 
pressure is about 1.18 g/L. What happens to the den- 
sity ofair as the temperature is increased? When the 
Pr€ssure Is increased? 


38.  Mipht it be possible to keep the đensity ofair the 
same by simultaneousÌy Increasing Its temperature 
while increasing its pressure? Flow so? 


39. ® Ara depth ofabout 10 meters 
the water pressure on you ¡is equal to 
the pressure of Ï atmosphere. The 
total pressure on you ¡s therefore 

2 atmospheres——] atm from the 
water and a second atm from the air 
above the water. W/hen the gÌass 
shown here Is pushed down to a 
depth ofaround 10 meters, what 
will be the level of the water on the 
inside of the glass? 


40. #8 Why do you suppose that airplane windows are 
smaller than bus window? 


41.  Place a card over the open top ofa glass filled to 
the brim with water, and then invert it. WƑhy does the 


card stay in place How about when the glass ¡s held 
sideways? 


42. A soda straw fts snuply throuph a cork thats 
wedged into a narrow-neck bottle containing a liquid 
beverage. You try to suck the beverage out of the bottle, 
but doing so ¡s not possible. Ñ/hy? 


43.  When you suck into a drink through a soda 
straw, what causes the drink to rise Into your mouth: 
the muscles ofyour lungs and cheeks or the weight of 
the atmosphere? 


44. ® Would ¡t be slightÌly more difficult to draw soda 
thouph a straw at sea level or on top ofa very hiph 
mountain? Explain. 


45. ®A little girl sits in a car at a traffic light holding a 
helium-filled balloon. The windows are closed and the 
car ¡s relatively airtipht. When the light turns green and 
the car accelerates forward, her head pitches backward 
but the balloon pitches forward. Explain why. 


4ó. # Would a bottle of helium gas weigh more or Ìess 
than an identical bottle Rlled with air at the same pres- 
sure? More or less than an identical bottle with the air 
pumped out? 


47. #8 Burning coal produces sulfur oxides. Where did 
the sulfur originate? 


48. 8l In a sulÏ room, cigar smoke sometimes rises only 
partway to the ceiling. Explain. 


49. @ Airborne sulfur dioxide doesnt remain airborne 
Iindefinitely. How is ¡t removed from the atmosphere, 
and where does most oŸit end up? 


50. #{ Once formed, why is a temperature inversion 
such a stable weather system? 


51. 8 The atmosphere is primarily nitrogen, N;, and 
oxygen, O;. Under what conditions do these two mate- 
rials react to form nitrogen monoxide, NO) Write a 
balanced equation for this reaction. 


52. ® A catalytic converter Increases the amount of 
carbon dioxide emitted by an automobile. Is this good 
news or bad news? Explain. 


53. ® Explain the connection between photosynthetic 
life on Earth and the ozone layer. 


54. #8 How close are you to a CFC molecule ripht 
now? Explain. 


55. 8 Does the ozone polluton from automobiles help 
shrink the ozone hole over the South Pole? Defend your 
anSw€T, 


56. 8 Chlorine is put into the atmosphere by volca- 
noes in the form ofhydrogen chloride, HC], but this 


¡ SUPPORTING CALCULATIONS 


61.6 As stated in the text, there are about 25 trillion 
(25,000,000,000,000 = 2.5 x 1013) chloroluorocarbon 
molecules In every liter ofair you breathe. Think criti- 
cally about this statement. ÑWhat information would 
you necd to know ifyou wanted to calculate the per- 
centage of CEC% in our air? 


62. @ There are 1000 liters in 1 cubic meter and 1000 
grams in l kilogram. Show how there are 1.18 grams of 
air In 1 liter ofair. (Assume a density of 1.18 kg/m”.) 


63. 4L Assuming air has an averaøe molar mass of 
28.8 grams/mole, show how there are 0.0410 moles 
ofair molecules In 1 liter of air. (See Section 9.2 for a 
review Of this calculation.) 


64. ® How many moles of CFC molecules are there in 
every liter ofair you breathe, and what percentage of air 
1s this? 


65. You measure the 
pPr€ssure of each of the four 
tires Ofyour car to be 

35 pounds per square inch 
(psi). You then rolÏ your car 
forward so that each tire is 
upon a sheet of paper. You 
outline the surface area of contact between cach 

tire and the paper, which you later measure to be 

30 square inches. Show how the weipht of your car 1s 


4200 pounds. 
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form of chlorine does not remain ¡n the atmosphere for 


very long. Why? 


57. 4 Why ¡s whitewash sometimes applied to the 
glass of ereenhouses in the summer? 


58. #4 Humans are pumping more and more carbon 
dioxide into the atmosphere, but the atmospheric con- 
centrations of this øas are not Increasing proportion- 
ately. Suggest an explanation. 


59. 8 If the composition of the upper atmosphere 
were changed so that a greater amount of terrestrial 
radiation escaped, what effect would this have on 
Earths climate? 


60. 4 Geological records indicate that many Ice ages 
were initiated by periods of unusually warm weather. 
How can warm weather precipitate an ice age? 


 BEGINNER ÏỄT INTERMEDIATE $ EXPERT 


66. # A perfectly elastic balloon holding 1.0 liter of 
helium at 298 K is warmed to 348 K. Show how the 
new volume of the helium-filled balloon ¡s 1.168 liters? 


G7. 8 What ¡s the temperature of 2.00 moles ofa 
gas held at a volume o£ 5.00 Ïiters and a pressure of 
3.00 atmospheres? 


68. 4 How many gas particles are there in 22.414 liters 
of gas at 1.0000 atmosphere and 273. I5 K? 


69. ® A sas ¡s found to have a density of 3.73 g/L at 
273 Kand 1.00 atmosphere of pressure. Ít is known 

to be a gaseous element, as opposed to a gaseous 
compound. How many moles of this gas are there in 
1.00 liter at 273 K and 1.00 atmosphere? What ¡s the 
atomic mass of this element in units oFprams per mole? 
Which gaseous element is this? 


70. ® From physics we learn that the buoyant force act- 
Ing on a balloon ¡s equal to the weight of the air ¡t dis- 
places. (a) How many grams ofaïr are displaced by a 
401,000-liter hot air balloon? (Assume an air density of 
1.18 g/L.) Convert these many grams into pounds using 
the conversion factor 1000 g = 2.2 lb. Thịs is the buoy- 
ant force upwards. (b) How many grams of hot air are 
there inside a 401,000-liter hot atr balloon? (Assume a 
hot air density o£0.883 g/L.) Convert these many grams 
into poundks. Thịs is the downward weight of the hot aIr. 
(c) How many pounds must be added onto the hot air 
balloon so that it remains level, neither rising nor falling? 
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| ĐISCUSSION QUESTIONS 
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Z1. What kinds ofair pollution have you been direcdly 
and indirectly responsible for in the past 24 hours? 
Rank these pollutants in order of the quanrities you 
think you produced. Make a list of the sources of these 
pollutants, such as gasoline or electricity. 


72. Which is a more pressine problem: ozone deple- 
tion or global warming? To what degree are the two 
interrelated? 


73. Politicians in the United States have proposed taxing 
individuals and industries for the amount of CO; they 
emit. Collected revenue would be placed in a trust fund 
to subsidize consumers who purchase energy-efficlent 
devices, such as Ñuorescent lightbulbs and high-gas- 
mileage automobiles. IDiscuss the pros and cons of such 
a proposal. What modifications might you propose? 


74. What do we know and not know about global 
warming? How might infuential people, such as talk 
radio hosts, use this to their advantage? 


75. Pretend you are a politician addressing a confer- 
ence of business leaders from the coal industry. One of 
the leaders asks you for your stance on ølobal warming. 
How do you respond in a way so as not to alenate any 
of these influential executives. What points do you 
emphasize? What points do you gÌoss over? 


76. Pat and Tony were recent friends. Tony cell 
phone was left over at Pats house, but Tony took sev- 
eral days to notice that it was missing. Tony looked 
everywhere but couldnt fnd it. Pat, however, found 
the cell phone after only a few days but neglected to 
let Tony know about it. Several weeks had passed 
when Tony called Pat to ask about the cell phone. Pat 
was too embarrassed to say it was found and so denied 


| ANSWERS TO CALCULATION 
| CORNERS 


DENSE AS AIR 
1. The density ofthe air in the tank ¡s 1.18 kilo- 


grams/cubic meter. The mass of this air is found by 
multiplying by the tank volume: 


1.18 q 
ŠŠ x 0.0100 mỗ = 0.0118 kg 


having seen it. A month later, Pat was feeling guilty 
about having lied and thus started avoiding Tony. 
Eventually, Pat came to resent Tony for the negative 
feeling. The animosity grew and the two drifted apart 
as friends. Is this sort of human behavior possible? 
How ïs good mental health related to our ability to 
protect the environment? 


77. Levels ofchloroÑuorocarbons in the atmosphere 
have declined measurably since the implementation of 
the Montreal Protocol. In light of this success, should 
further restrictions be placed on the use of chlorofluo- 
rocarbons or should we stay the course of the protocol? 
Should certain restrictions, such as those that most dra- 
matically impact the economy, be lifted? 


78. Air pollution regulations can be implemented and 
enforced by local, state, federal, and international leveÌs 
of government. Which one of these four levels should 
be granted the greatest authority? For each level, list the 
reasons why ¡t should be granted the greatest authority. 


79. Can industries be trusted to self-repulate the 
amount o£pollution they produce? Ïs government 
really necessary to enforce these regulations Shouldnt 
the opinion of the consumer and the economic advan- 
tages of sustainable practices be sufficient to motivate 
Industries to protect the environment? 


80. Why do many students shun math-related studies? 
Ís it because their minds are not hardwired to do math 
easily? ©r is it because the math they ve encountered is 
not applied to interesting concepts. Ïs it a bít ofFboth? 
WWhat might be done to help these students overcome 
their fear of math? 


2. The mass of the air is found by multiplying the 
density of the air in the tank by the tank volume: 


240 ⁄ 
== x0.0100 mổ = 2.40 kg 


HOT AIR BALLOONS 


1. Plug these values Into the ideal gas law to solve for 
ø, the number of gas particles: 


=—= DV[RT 
 = (1.00 atm)(401000 L)/(0.082057 Latm/K mol) 
(298K) 


 = 12,300 moles 


2. Multiply by the mass formula to convert this many 
moles Into grams: 


(12,300 moles)(28.8 g/mole) = 354,000 grams 


3. Divide this mass by the volume of the balloon ro 
đerive the density: 


(354,000 grams)/(401,000 L) = 0.883 g/L 


4. A balloon of this density would promptly rise 
because it is much less dense than air (1.18 g/L). To 
hold the balloon level, either on the ground or afloat 
¡n the arr, it would need an additional 472,000 — 
354,000 grams = 118,000 grams, which ¡s 118 kg, or 
about 260 pounds. Given a constant cargo load, the 
balloon pilot causes the balloon to rise or fall by 
changing the mass of the air within the balloon. The 
pHot does this by applying heat, which forces less 
dense warm air out of the balloon§ top, or by open- 
¡ng valves that allow denser cool air to enter the bal- 
loon. Many soft landings to youl 


HANDS-ON CHEMISTRY INSIGHT 


ATMOSPHERIC CAN-CRUSHER 


WWhen the molecules oŸ water vapor come in contact 
with the room-temperature water In the saucepan, they 
condense, leaving a very low pressure inside the can. 
The much greater surrounding atmospheric pressure 
crushes the can. Here you see dramatically how pres- 
sure is reduced by condensation. This occurs because 
liquid water occupies much less volume than does the 
same mass of water vapor. As the vapor molecules come 
together to form the liquid, they leave a void (low pres- 
sure). This activity also shows how the atmospheric 
Pressure surrounding us is very real and significant. 
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The Development of Plastics 
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and Discovery 
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with Heat 


Composites Cormmbine Fibers 
and a Thermoset Medium 


A LOOK 
AT THE MATERIALS 
OF OUR SOCIETY 


ã 

In addition to their stunning beauty, diamonds also have 
great usefulness because of their remarkable properties, 
which include extreme hardness, superlative ability to con- 
duct heat, and resistance to corrosive chemicals. In the 
195OS, researchers learned how to produce artificial dia- 
monds. Laboratory-produced diamonds find many applica- 
tions, particularly for abrasive surfaces, such as that of a 
dentists drill bit. In the 1g7os and 198os, techniques were 
developed to produce thin films of diamond, and by the 
199Os, scientists could fabricate diamond films into such 
devices as the micrometer-scale calipers shown on the 
opposite page. Diamond technologies continue to advance 
at a fast pace. Remarkably, there are now companies that 
produce gem-quality diamonds from the ashes of loved 
ones who have passed away. Also, diamond nanostructures 
are currently under developmernt, including a miniature 
robotic motor that may one day roam through your blood- 
stream removing plaque or delivering anticancer agents 
directly to tumors. 

These applications of đdiamond may seem fantastic. 
Eventually however, our amazement will fade, and we 
will take this technology for granted. Our standard of liv- 
¡ng wïll have been raised, as wilÌ our expectations for what 
we can achieve by understanding the submicroscopic 
World. 

The main goal of this chapter is to instill im you an excite- 
ment for those “common”materials that have already had an 
impact on society. Some advanced materials are introduced, 
but for the most part the chapter focuses on paper, plastic, 


metals, glass, and ceramics. The history of these materials is 


6oo 
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FIGURE 18.1 


Take a close look at a piece of 
PAper, and you ÌÍ see that paper is 
made oŸnumerous tiny cellulose 


fibers. 


FIGURE 18.2 


A modern Fourdrinier machine 
for manufacturing paper. 


presented for your general interest and to help you gain a better perspec- 
tive on the impact materials have had—and will surely continue to 


have——on the way we live. 


® 18.1 Paper ls Made of Cellulose Fibers 


| Ệ material has been more vital to the development oŸ modern civilization 
than paper. Ñith irs advent, knowledge could be recorded, allowing us to 
learn from our mistakes as well as our successes. Furthermore, with 
paper, and the subsequent invention of the printing press, knowledge 
VN À became accessible to a broad range of people. Technological, politi- 
` cal, and social revolutlons followed, and from these movements arose 
vì. ourcomplex modern societies. 
bà Paper is reported to have been made in China as early as A.D. 
+ 100, when cellulose fñbers from mulberry bark were pounded into 
thin sheets. Finer paper was eventually produced by lifting a silk screen 
up through a suspension of cellulose ñbers in water, so that entangled 
ñbers collected on the screen. After drying, the fñibers remained ¡intertwined, 
forming a sheet of paper, as shown in Figure 18.1. 

Paper was introduced to the ÑWestern world by the Arabs, who ¡n the eighth 
century learned how to make paper from Chinese papermakers captured in bat- 
tle. Paper mills were soon established, and the technology spread swiftly to 
Europe. The first European paper mills were buiÏt in Spain as early as A.D. l 100. 

Only handmade single sheets of paper were fabricated until, in 1798, a 
machine that could make continuous rolls of paper was Invented in France. 
Thịs machine consisted ofa conveyor belt submerged at one end in a vat oÊ sus- 
pended cellulose ñbers. The conveyor beÌt was a screen so that water would 
drain from it as ñbers were pulled out of the suspension. The entangled fibers 
were then squeezed through a series of rollers to create a long continuous sheet 
of paper. ÑWithin a few years, an improved version of this machine that used 
heated rollers was produced ¡in England. The improved machine was called the 
Fourdrinier, after a wealthy industrialist who fñnanced its creation. Automated 
Fourdrinier machines, such as the one shown ¡in Figure 18.2, are still used 
today. 

Most early paper was made from fibrous plant materials, such as bark, shrubs, 
and various grasses. Wood was not used because its fibers are embedded in a 
highly adhesive matrix of øøz7ø, a naturally occurring polymer that does not dis- 
solve in water. In 1867, researchers in the United States discovered that wood 
fñbers could be isolated by soaking wood chips in sulfurous acid, which dissolves 
the lignin. The ability to make paper from wood was a great boon to entrepre- 
neurs in North America because of that continentS once vast suppÌy of trees. Át 
about the same time, additives such as rosin and alum were added to strenethen 
pAaper and to make it accept ink well. Paper manufacturers whitened paper by 
bleaching ¡t with chlorine and by incorporating opaque white minerals, such as 
tianium dioxide. Most large-scale papermaking processes today are basically 
unchanged from these earlier methods, except that chlorine is no longer used 
because of the cancer-causing dioxins that form as paper is bleached. (See the 
Spotlight essay on page 388.) About 75 percent of the paper made in the United 
States comes from wood pulÏp, with the remainder coming from recycled 
WaSt€Daper. 
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Paper made with rosin and alum tends to turn yellow and brittle within a 
matter of decades, as shown in Figure 18.3. Thịs is because of the acidic nature 
of these additives, which catalyze the decomposition of the cellulose ñbers. Non- 
corrosive alkaline alrernatives were developed in the 1950s. Paper made with 
alkaline binders are desipnated z7ze27øz/, which means they last a minimum of 
300 years. Until recently, alkaline binders were not used mụuch because of their 
greater cost and becausc ofa lack of demand from consumers. Paper companies 
were finally prompted to make the switch to “acid-free” paper In the late 1980s 
when the cost of wood puÏp skyrocketed. Paper made with acidic rosin and 
alum binders must be at least 90 percent fñiber in order to maintain strength, 
whereas paper made with alkaline binders maintains strength with as little as 
75 percent Rñber. Less ñber translates to monetary savings. 

A secondary benefir of alkaline binders is that, in a nonacidic environment, 
cheap and abundant calcium carbonate can be used as a whitener in place of rel- 
atively expensive titanium dioxide. Acid-free paper has the added advantage that 
peroxide bleaches can be used on ¡t instead of chlorine. Furthermore, consumers 
have come to recognize the value ofarchival-quality paper and are now demand- 
¡ng its production. 


Was paper mmade before the mid-18oos acid-free? 


Was thỉs your answer? Yes, because acidic rosin and alum binders were not 
used in papermaking until the mid-18oos. (Books from the earÌy 18oos can 
be foundin pristine condition, whereas books from the 196os are today 
often too brittle to read.) 


-_= In1968,3M scientist Spence Sïlver 

___ điscovered a new adhesive that 
†ormed itself into tỉny spheres. 
These microspheres had many 
unique properties. They were not 
easily melted, they were ïnsoluble 
ïn water,and they could be 
sprayed onto a surface where they 
formed a monolayer (a Ìayer one 
mnicrosphere thick). The rmmono- 
layer of microspheres had a slight 
stickiness—not so strong as tape 
adhesive, but strong enough to 
hold two pieces of paper together. 
All at 3M agreed ït was a signifi- 
cant điscovery, but no one could 
think ofany marketable applica- 
tions. Six years later, the 2M chem- 
ical engineer Art Fry was sỉnging 
ïn his church choir when he was 
frustrated by how his hymnal 
bookmark kept sliding down. He 
realized that Silver s adhesive 
would make a great bookmark 
or sticky note. At that moment 
the idea of3M's now ubiquitous 
Post-lt® note was born. 

MORE TO EXPLORE: 

WWW.3m.com/about3m/pioneers/ 
Click on Innovation Chronicles. 


PAPERMAKING Ĩ 


ou can make paper at home by 

passing a screen through a soupy 

suspension of cellulose fibers, 
also known as pulp. 


WHAT YOU NEED 


Clean foam rneat tray, window screen 
(available from a hardware store), 
duct tape, cellulose-containing mate- 
rial (scraps of paper, lint from clothes- 
dryer screen, cotton rags, dried leaves, 
flower petals, grass clippings, coffee 
grounds), measuring cup, blender, 
warm water, cooking pot having 
điameter greater than longer dimen- 
sion of meat tray, two large towels, 
sponge,toothpicks 


PROCEDURE 


1.. Build a dipping screen by cutting 
out most of the bottom of the 
tray. Cut a piece of window screen 


to fit the hole, and tape ït to the 
tray. 


.. Cutthe cellulose-containing 


material into very smalÏ pieces (so 
as not to clog the blender). 


._ Fill the blender three-fourths full 


of warm water. Turn on Ìow speed 
and slowly add 1 cup of the shred- 
ded material. There should always 
be rmnuch more water ïn the 
blender than solid matter. Blend 
the material to a fine puÌp. 


.. Pour the pulp ïnto the pot. Add 


mnore water if necessary to gïive a 
depth of about 1o centimeters. 
Submerge the dipping screen and 
agitate the mixture to maintain 
homogeneity. Then hold the 
screen flat and lift ït straight up 
out ofthe suspension to collect a 
thin layer of pulp. 


5s. Carefully invert the screen onto 
the towel, rub across the inverted 
screen with a darmmp sponge, and 
then carefully lift the screen, leav- 
ïng the pulÌp behind. lf necessary, 
use a toothpick to poke or pry the 
pulp free of the screen. 


6. Press down on the pulÏp with a sec- 
ond towel to flatten ït and remove 
as much water as possible. Lay the 
resulting paper out to dry on a flat 
surface. 
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FIGURE 18.3 


By 1984, the Library of Congress 
estimated that 25 percent, or 

3 million volumes, oỂits collec- 
tion had become too brittle for 
circulation. 


FIGURE 18.4 


Fiber-rich industrial hemp being 
harvested on a modern farm in 


Spain. 


\W€ use trees to meet our paper needs because they are abundant and renew- 
able—for every tree cut down, a new one can be planted. However, growing 
and harvesting trees has some signiRcant drawbacks. Timber takes decades ro 
mature. This time frame ¡is already not fast enough to keep up with our Increas- 
¡ng demand. Also, replanting timber does not re-create a forest. TImber 1s typI- 
cally replanted as a monoculture suited primarily for industrial needs. Â true 
forest is a more evolved system of many species that thrive in one anotherS 
Presence. 

There are a number of possible alternatives to trees for the mass produc- 
tion of paper, including willow, kenaf and industrial hemp, the latter shown 
being harvested ¡in Figure 18.4. Each of these plants produces more than 
three times as much fiber per acre as trees do. They are also fast-prowing 
plants, which means they replenish quickly. It takes 20 years before trees can 
be harvested, but these plants, when grown in favorable climates, can be har- 
vested threc times in a single year. Also, the lignin content of willow, kenaf, 
and industrial hemp is quite low, which means their cellulose fibers are rela- 
tively easy to separate. If paper mills switched from wood to one of these 
alternatives, they could avoid the use of countless gallons of sulfurous acid, 
which ¡is not only hazardous to the environment but largeÌy responsible for 
the stink associated with paper production. The energy content of these rap- 
idly growing plants ¡s also of interest, especially to utility companies, who 
may one day burn plant material rather than oil for the production of elec- 
tricity (Section 19.6). 

Today, we use an enormous amount of paper——about 70 million tons a 
year in the United States alone. Thats about 230 kilograms, or six full-sized 
trees, for each U.S. citizen. Currently, we recycle only about 25 percent of 
the paper we use. The rest we throw away. This is unfortunate because recy- 
clỉng paper does more than just save trees. A lot of energy is required to make 
PAaper from a tree. Less than half as much energy ¡s needed to process old 
paper Iinto new. Remarkably, about 50 percent of the solid waste produced in 
North America is paper. What have you done with your 230 kiloprams this 
pASt year? 


* 18.2 The Development of Plastics Involved 
Experimentation and Discovery 


n Chapter 12, you learned about the great variety of synthetic polymers and 
their uses. This section covers the inventors who developed these polymers 
and the effect these new materials have had on society. The successes and fail- 
ures in the story of plastics show how chemistry is a process of experimentation 
and discovery. As you read throuph this section, you may want to refer back to 
the structures and reactions shown in Chapter 12. 

The scarch for a liphtweight, nonbreakable, moldable material began with the 
invention of vulcanized rubber. This material is derived from natural rubber, 
which is a semisolid, elastic, natural polymer. The fundamenral chemical unit of 
natural rubber is polyisoprene, which plants produce from isoprene molecules, 
as shown in Figure 18.5. In the 1700s, natural rubber was noted for its ability 
to rub off pencil marks, which ¡s the origin of the term z#Zz. Natural rubber 
has few other uses, however, because it turns øooey at warm temperatures and 
brittle at cold temperatures. 

In 1839, an American inventor, Charles Goodyear, discovered 7⁄Pðez 0wÌea7- 
72/70, a process in which natural rubber and sulfur are heated together. The 
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lsoprene lsoprene 


Poly ation 


| Polyisoprene 


details of this discovery are questionable. One version, however, has ¡t that 
Goodyear accidentally tipped an open jar of sulfur into a pot of heated natural 
rubber. The product, vulcanized rubber, 1s harder than natural rubber and 
retains its elastic properties over a wide range oftemperatures. This is the result 
Of đ2swffidle cross-lzk7mø between polymer chains, as ilÏustrated in Figure 18.6. 
In 1845, as vulcanized rubber was becoming popular, the Swiss chemistry pro- 
fessor Christian Schobein wiped up a spilled mixture of nitric and sulfuric acids 
with a cotton rag that he then hung up to dry. ÑWithin a few minutes, the rag 
burst into Ñames and then vanished, leaving only a tiny bit ofash. Schobein had 
discovered nitrocellulose, in whích most of the hydroxyl groups in cellulose are 


R 
__ Polymer strands 


¬à>- 


| 


Số 


Stretched with little tèendency 
to snap back to original form 


(a) Original form 


Polymer strands 


Stretched with great tendency to 
snap back because of cross-links 


FIGURE 18.6 


(a) When stretched, the individual polyisoprene strands in natural rubber sÏip past 
one another and the rubber stays stretched. (b) When vulcanized rubber ¡s strerched, 
the sulfur crosslinks hold the strands together, allowing the rubber to return to its 
original shape. 


FIGURE 18.5 


Isoprene molecules react with 
one another to form polyiso- 
prene, the fundamenrtal chemical 
unit of natural rubber, which 
comes from rubber trees. 


_= Vulcanized rubber has found 

| innumerable applications,from 

tires to raïn gear, and has grown 

into a multibillion-dollar indus- 
try. To help quench our ever- 
growing thirst for vulcanized 
rubber, natural rubber (polyiso- 
prene) is now also obtained from 
petroleum distillates. Charles 

Goodyear (18oo—186o) was the 

classic eccentric inventor. He lived 

most of his life in poverty, 
obsessed with transforming rub- 
ber into a useful material. 

Although a man ofïll health who 

died ïn debt, Goodyear rermmained 

stubbornly optimistic. “Life,”he 
wrote, “should not be estimated 

¡__ exclusively by the standard of 

-_ đollars and cents.| am not dis- 

-__ posed to complaïn that | have 
planted and others have gath- 
ered the fruits. A man has cause 
for regret only when he sows and 
no one reaps.” The present-day 
Goodyear Corporation was 

-_ founded not by Goodyear, but by 

-__ others who sought to pay tribute 

to his name 15 years after he died. 

MORE TO EXPLORE: 
WWW.goodyear.com/corporate/ 
history/history_story.html 
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(b) 


FIGURE 18.8 


(a) Smell a freshly cut Ping-Pong 
ball, and you wilÍ note the dis- 
tinct odor of camphor, which is 
the same smell that arises from 
heat cream for sore muscles. This 
camphor comes from the cellu- 
loid from which the ball is made. 
(b) Ping-Pong balls burn rapidly 
because they are made of nitro- 
cellulose. 
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Nitrocellulose (cellulose nitrate) 


FIGURE 18.7 


Nitrocellulose, also known as cellulose nitrate, is hiphly combustible because of its 
many nitrate groups, which facilitate oxidation. 


bonded to nitrate groups, as Figure 18.7 illustrates. Schobeins attempts to mar- 
ket nitrocellulose as a smokeless gunpowder (g⁄zcø/Zøz) were unsuccessful, 
mainly because ofa number of lethal explosions at plants producing the material. 


COLLODION AND CELLULOID BEGIN WITH NITROCELLULOSE 


Although Schobein failed at marketing guncotton, researchers in France discov- 
ered that solvents such as diethyl ether and alcohol transformed nitrocellulose 
to a gel that could be molded into various shapes. Furthermore, 
spread thin on a flat surface, the gel dried to a tough, cÌear, transpar- 
ent fÌm. This workable nitrocellulose material was dubbed eøozøw, 
and its first applicatlon was as a medical dressing for cuts. 

In 1855, the moldable features of collodion were exploited by the 
British inventor and chemist Alexander Parkes, who marketed the 
material as Parkesine. Combs, earrings, buttons, bracelets, billiard 
balls, and even false teeth were manufactured in his factories. Parkes 
chose to focus more on quantity than on quality, however. Because he 
used low-grade cotton and cheap but unsuitable solvents, many ofhis 
products lacked durability, which led to commercial failure. 
In 1870, John Hyatt, a young inventor from Albany, New York, dis- 
covered that collodions moldable properties were vasdy improved 
by using camphor as a solvent. Hyatts brother Isaiah named this 
camphor-based nitrocellulose material ee/z/øzz/ Because of its øreater 
workability, celluloid became the plastic of choice for the manufac- 
ture of many household items. In addition, thin transparent ñÌms of 
celluloid made excellent supports for photosensitive emulsions, a boon to the 
photography industry and a first step in the development of motion pictures. 

As wonderful as celluloid was, it still had the major drawback ofbeing hiphly 
Hammable. Ioday, one of the few commercially avatlable products made of cel- 
luloid is Ping-Pong balls, shown in Figure 18.8. 


BAKELITE WAS THE FIRST WIDELY USED PLASTIC 

About 1899, Leo Baekeland, a chemist who had immigrated to the United 
States from Belgium, developed an emulsion for photographic paper that was 
exceptional in its sensitivity to light. He sold his invention to George Eastman, 
who had made a fortune selling celluloid-based photographic fiÌm along with 
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his portable Kodak camera. Expecting no more than $50,000 for his invention, 
Baekeland was shocked at Eastmans initial offer of $750,000 (in todayS dollars, 
that would be about $25 million). Suddenly a very wealthy man, Baekeland was 
free to pursue his chemical Interests. 

He decided that the material the world needed most was a synthetic shellac 
to replace the natural shellac produced from the resinous secretions of the lac 
beetle native to southeastern Asia. At the time, shellac was the optimal insulator 
for electrical wires. Ever since Edisons 1879 invention of the incandescent 
lightbulb, miles of shellac-coated metal wire were being stretched across the 
land. The supply of shellac, however, was unable to keep up with demand. 

Baekeland explored a tarlike solid once produced ¡n the laboratories of Alfred 
von Baeyer, the German chemist who played a role in the development of 
aspirin. Whereas Baeyer had dismissed the solid as worthless, Baekeland saw it 
as a virtual gold mine. After several years, he producced a resin that, when poured 
into a mold and then heated under pressure, solidifiied into a transparent posi- 
tive of the mold. BaekelandS resin was a mixture of formaldehyde and a phenol 
that polymerized into the complex network shown in Eigure 18.9. 

The solidiied material, which he called Özø//e, was impervious to harsh acids 
or bases, wide temperature extremes, and just about any solvent. Bakelite quickly 
replaced celluloid as a molding medium, ñnding a wide variety of uses for several 
decades. It wasnt until the 1930s that alternative thermoset polymers (Section 
12.4) began to challenge Bakelites dominance ¡in the evolving plastics industry. 


THE FIRST PLASTIC WRAP WAS CELLOPHANE 

Cellophane had its beginnings in 1892, when Charles Cross and Edward Beven 
of England found that treating cellulose with concentrated sodium hydroxide 
followed by carbon disulfide created a thick, syrupy, yellow liquid they called 
0/scose. Extruding the viscose 1nto an acidic solution generated a tough cellulose 
ñlament that could be used to make a synthetic silky cloth, today called 2z 
(Fipure 18.10). 


FIGURE 18.9 


(a) The molecular network of 
Bakelite shown in two dimen- 
sions. (The actual structure proj- 
ects in all three dimensions.) 

(b) The first handset telephones 
were made of Bakelite. 


FIGURE 18.10 


Viscose ¡s suill used today in the 
manufacture of fñbers that make 
up the synthetic fabric called 
rayon. 
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FIGURE 18.11 


Cellophane transformed the way 
foods and other items were mar- 


keted. 


In 1904, Jacques Brandenberger, a Swiss tcxtile chemist, observed restauranr 
workers discarding fine tablecloths that had only slipht stains on them. ÑWorking 
with viscose at the time, he had the idea ofextruding ít not as a fiber but as a thin, 
transparent sheet that miehr be adhered to tablecloths and provide an casy- 
to-clean surface. By 1913, Brandenberger had perfected the manufacture of a 
viscose-derived, thin, transparent sheet of cellulose, which he named celopb2we. 
After failing to form an adequate adhesion between cellophane and cloth, Bran- 
denberger investigated cellophaneS possible use as a RỈm support for photography 
and motrion pictures. This idea didnt work because of the cellophaneS tendency 
to warp when heated. From these failures, Brandenberger began to realize that the 
most likely utility oFhis newly created cellophane was as a wrapping material. 

Within several years, the DuPont Corporation boughr the rights to cello- 
phane. After producing several batches, Investigators discovered that ccllophane 
did not provide an effective barrier to water vapor and hence did little to keep 
foods from drying out. By 1926, DuPont chemists had solved this problem by 
incorporating smalÏ amounts of nitrocellulose and wax. Vaporproof cellophane 
gained wide popularity as a wrapping for such products as chocolates, cigarettes, 
cigars, and bakery goods. Hermetically sealed by cellophane, a product could be 
kept free of dust and germs. And unlike paper or tin foil—the alternatives of the 
day—cellophane was transparent and thus allowed the consumer to view the 
packaged contents, as seen in Figure 18.11. With properties like chese, cello- 
phane played a great role in the success of supermarkets, which first appeared in 
the 1930s. Perhaps cellophaneS øreatest appeal to the consumer, however, was 
Its shine. As marketing people soon discovered, nearly any product—soaps, 
canned goods, or golf balls——would sell faster when wrapped in cellophane. 


POLYMERS WIN IN WORLD WAR II 


In the 1930s, more than 90 percent of the natural rubber used in the United 
States came from Malaysia. In the days after Pearl Harbor was attacked in 
December 1941 and the United States entered World War II, however, Japan 
captured Malaysia. As a result, the United States—the land with pÏlenty of every- 
thing, except rubber—faced its ñrst natural resource crisis. The military impli- 
cations were devastating because without rubber for tires, military airplanes and 
Jeeps were useless. Petroleum-based synthetic rubber had been developed in 
1930 by DuPont chemist Wallace Carothers but was not widely used because it 
was mụuch more expensive than natural rubber. With Malaysian rubber impossi- 
bÌe to get and a war on, however, cost was no longer an ¡ssue. Synthetic rubber 
factories were constructed across the nation, and within a few years, the annual 
production ofsynthetic rubber rose from 2000 tons to about 800,000 tons. 

Also in the 1930s, British scientists developed radar as a way to track thun- 
derstorms. With war approaching, these scientists turned their attention ro the 
idea that radar could be used to detect enemy aircraft. Iheir equipment was 
massive, however. Á series of pround-based radar stations could be built, but 
placing massive radar equipment on aircraft was not feasible. The great mass of 
the equipment was due to the large coils of wire needed to generate the intense 
radio waves. The scientists knew that ¡f they could coat the wires with a thin, 
flexible electrical insulator, they would be able to desien a radar device that was 
much less massive. Fortunately, the recently developed polymer polyethylene 
turned out to be an ideal electrical insulator. This permitted British radar scien- 
tists to construct equipment lipht enough to be carried by airplanes. These 
planes were slow, but fying at night or in poor weather, they could detect, inter- 
cept, and destroy enemy aircraft. Midway through the war, the Germans devel- 
oped radar themselves, but without polyethylene, their radar equipment was 
inferior, and the tactical advantage stayed with the Allied forces. 


18.2 THE DEVELOPMENT OF PLASTICS INVOLVED EXPERIMENTATION AND DISCOVERY 
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Poly(methyl methacrylate) 


Eour other polymers that had a signiicant impact on the outcome of World 
NWar II were Plexiplas, polyvinyl chloride, Saran, and Teflon. Plexiplas, shown in 
Figure 18.12, is a polymer known to chemists as poly(methyl methacrylate). 
Thịs glasslike but moldable and liphtweight material made excellent domes for 
the gunnerS nests on fighter planes and bombers. Although both Allied and 
German chemists had developed poly(methyl methacrylate), only the Allied 
chemists learned how small amounts of this polymer in solution could prevent 
oil or hydraulic Ñuid from becoming too thíck at low temperatures. Equipped 
with only a few gallons of a poly(methyl methacrylate) 
solution, Soviet forces were able to keep their tanks opera- 
tional in the Battle of Stalingrad during the winter of 
1943. While Nazi equipment halted ¡n the bitter cold, 
Soviet tanks and artillery functioned perfectly, resulting in 


617 


FIGURE 18.12 


The bulky side groups In 
poly(methyÌl methacrylate) pre- 
vent the polymer chains from 
alipning with one another. This 
makes It easy for light to pass 
through the matertal, which is 
tough, transparent, lightweight, 
and moldable. (Plexiglas” is a 
registered trademark belonging 
to ATOFINA.) 
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victory and an important turning point in the war. 

Polyvinyl chloride (PVC) had been developed by a num- 
ber of chemical companies in the 1920s. The problem with 
this material, however, was that it Ìost resiliency when 
heated. In 1929, Waldo Semon, a chemist at BFGoodrich, 
found that PVC could be made into a workable material by 
the addidon o£a plasticizer. Semon got the idea ofusing plas- 
ticized PVC as a shower curtain when he observed his wife 
sewing together a shower curtain made ofrubberized cotton. 
Other uses for PVC were slow to appear, however, and it 
wasnt until World WWar II that this material became recog- 
nzed as an ideal waterproof material for tents and rain gear. 
After the war, PVC replaced Bakelite as the medium for 
making phonograph records. 

Originally designed as a covering to protect theater 
scats from chewing gum, Saran found great use in World 
War lÏ as a protective wrapping for artillery equipment 
during sea voyages. (Before Saran, the standard operating 
procedure had been to disassemble and grease the artillery 
to avoid corrosion.) After the war, the polymer was refor- 
mulated to eliminate the original formulas unpleasant 
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odor and soon pushed cellophane aside to become the most popular food wrap 
of all trme (Figure 18.13). 

The discovery of Iefon was described in Chapter 1 to show how a scientists 
sense of curiosiry and analytical thinking can lead to success. Initally, the dis- 
coverers of Tefon were impressed by the long list of things this new material 
would øø do. It would not burn, and it would not completely melt. Instead, at 


FIGURE 18.13 


The now-familiar plastic food 
wrap carton with a cutting edge 
was introduced in 1953 by Dow 
Chemical for its brand of Saran 
WTAP. 
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327°C ¡t congealed into a gel that could be conveniently molded. It would not 
conduct electricity, and it was Impervious to attack by mold or fungus. No sol- 
vent, acid, or base could dissolve or corrode it. And most remarkably, nothing 
would stick to it, not even chewing gum. 

Because of all the things Tefon would not do, DuPont was not quite sure 
what to do with ít. Then, in 1944 the company was approached by governmen- 
tal researchers in desperate need ofa highly inert material to line the valves and 
ducts ofan apparatus being built to isolate uranium-235 in the manufacture of 
the frst nuclear bomb. Thus Teflon found its ñrst application, and one year 
later, World War II came to a close with the nuclcar bombing of Japan. 
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Name four polymers that had a significant impact on the effectiveness of 
Allied forces ïn World War II. 


Was thỉs your answer? Plexiglas, polyvinyl chloride, Saran, and Teflon. 


ATTITUDES ABOUT PLASTICS HAVE CHANGED 


With a record of wartime successes, plastics were readily embraced in the post- 
war years. In the 1950s, Dacron polyester was introduced as a substitute for 
wool. Also, the 1950s was the decade during which the entrepreneur Earl Tup- 
per created a line of polyethylene food containers known as Iupperware. 

By the 1960s, a decade of environmental awakening, many people began to 
recognize the negative attributes of plastics. Being cheap, disposable, and non- 
biodegradable, plastic readily accumulated as litter and as landiill. With petro- 
leum so readily available and ¡nexpensive, however, and with a growing 
population of plastic-dependent baby boomers, little stood in the way ofan 
ever-expanding array of plastic consumer products. By 1977, plastics surpassed 
steel as the number-one material produccd ¡n the United States. Environmental 
concerns aÌso continued to grow, and in the 1980s plastics-recycling programs 
began to appear. Although the efficiency of plastics recycling still holds room for 
improvement, we now live in a time when sports jackets made of recycled plastic 
bottles are a valued commodiry. 

In the past 50 years, there have been a number of significant technological 
advances in plastics. Polymers that emit light, for example, can be used to build 
display monitors that roll up like a newspaper or can be rolled onto walls like 
wallpaper. We have polymers that conduct electricity, replace body parts, and 
are stronger but much lighter than steel. Imagine synthetic polymers that mimic 
photosynthesis by transforming solar energy to chemical energy, or synthetic 
polymers that efficlentÌy separate fresh water from the oceans. These are not 
dreams. They are realitles that chemists have already demonstrated in the labo- 
ratory. Polymers have played a significant role in our past, and they hold a clear 
promise for our future. Lets work to ensure that the petroleum starting materi- 
als from which we fabricate most polymers are not exhausted before this prom- 
ise is realized. 


cK 


Compressed plastics make up about 2o percent of the volume of a typical 
-_ landiill.How does this compare with the amount of paper ïn landfills? 


Was thỉs your answer? As noted at the end of Section 18.1,about so percent 
of the solid waste produced ïn North America is paper. So, significantly more 
paper ends up in our landfills than does plastic. 


18.3. METALS COME FROM THE EARTH”S LIMITED SUPPLY OF ORES 


*® 18.3 Metals Come from the Earth”s Limited Supply 
of Ores 


n Section 2.6 you learned about the properties of metals. They conduct 
electricity and heat, are opaque to lipht, and deform—rather than Írac- 
ture—under pressure. Because of these proper- 
ties, metals have found numerous applications. 


WWc use them to build homes, appliances, cars, 


bridges, airplanes, and skyscrapers. We stretch - @Q sử Q è @ 
metal wire across poles to transmit communi- 


cation sipnals and electricity. Ñc wear metal 

Jjewelry, exchange metal currency, and drink 

from metal cans. Yet, what Is it that gives a 

metal its metallic properties? Ñe can answer , ở 
: : : : | 

this question by looking at the behavior ofthe . 

atoms o£the metallic elements. , 


The outer electrons of most metal atoms @Q 


tend to be weakly held to the atomic nucleus. _. 

Consequently, these outer electrons are easily @ Metalion  ® Electron 
dislodged, leaving behind positively charged 
meral ions. The many electrons easily dislodged 
from a large group of metal atoms flow freely through the resulting metal ions, 
as is depicted in Figure 18.14. This “fluid” of electrons holds the positively 
charged metal ions together in the type of chemical bond known as a metallic 
bond. 

The mobility ofelectrons in a metal accounts for the metal significant ability to 
conduct electricity and heat. Also, metals are opaque and shiny because the free elec- 
trons easily vibrate to the oscillations ofany liphr falling on them, reflecting most of 
ít. Furthermore, the metal ions are not rigidly held to fñxed positions, as ions are in 
an Ionic crystal. Rather, because the metal Ions are held together by a “luid” ofelec- 
trons, these Ions can moye into varIous orientations relative to one another, which ¡s 
what happens when a metal is bounded, pulled, or molded into a different shape. 

Two or more metals can be bonded to cach other 
by metallic bonds. This occurs, for example, 
when molten gold and molten palladium are 
blended to form the homogeneous solution 
known as white gold. The quality of the white 
gold can be modifed simply by changing the 
proportions of gold and palladium. White gold 
1s an example ofan alloy, which Is any mixture 
composed of two or more metallic elements. 
By playing around with proportlons, metal 
workers can readily modify the properties ofan 
alloy. For example, in designing the Sacagawea dol- 
lar coin, shown ¡in Figure 18.15, the U.S. Mint necded a 
metal that had a gold color—so that it would be popularand also had the 
same electrical characteristics as the Susan B. Anthony dollar coin—so that the 
new coin could substitute for the Anthony coin in vending machines. 

In this secton we focus on the chemistry of naturally occurring metal- 
containing compounds and their large-scale transformation to metals. As you 
read, keep in mind that, whereas a metal consists of nothing but neutral metal 
atoms, a metaÌ-containing compound is an ionic compound in which positively 
charged metal ions are bonded to negatively charged nonmetal ions. Aluminum 


Front 


FIGURE 18.14 


Metal ions are held together by 
freely fowing electrons. These 
loose electrons form a kind of 
“electronic Ñuid” that Ñows 
through the lattice of positively 
charged ions. 


Back 


FIGURE 18.15 


The gold color of the Sacagawea 
U.S. dollar coin is achieved by an 
outer surface made ofan alloy of 
77 percent copper, 12 percent 
zinc, 7 percent manganesc, and 
4 percent nickel. The Interior of 
the coin is pure copper. 
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FIGURE 18.16 


Thịs copper mine at Bingham 
Canyon, Utah, ¡s the worldS 
biggest open-pit mine. 


FIGURE 18.17 


Eive negatively charged ions to 
which positively charged metal 
Ions bond. 


oxide, Al2O;, and sodium chloride, NaC], are two examples. 
These compounds may or may not be opaque to light, are 
poor conductors of heat and electricity, and often shatter 
unđer pressure. 

Only a few metals—gold and platinum are two exam- 
ples——appear in nature ¡n metallic form. Deposits of these 
natural metals, also known as 7/70 7/425, are quite rare. 
For the most part, metals are found in nature as chemical 
compounds. Iron, for example, ¡s most frequently found as 
iron oxide, Fe;O;, and copper ¡s found as chalcopyrite, 
CuFeS„. Geologic deposits containing relatively high con- 
centrations of metal-containing compounds are called ores. 
The metals industry mines these ores from the ground, as 
shown in Figure 18.16, and then processes them ¡into metals. Although metal- 
containing compounds occur just about everywhere, onÌy ores are concentrated 
enough to make the extraction of the metal economically feasible. 

Metal ions bond with only fñve major types of negatively charged ions, shown 
in Figure 18.17. Consequently, metal-containing compounds are classiied 
according to which type of negative Ion they contain. lron oxide ¡s classiied as 
an oxide, for instance, and chalcopyrite is classiied as a sulfide. 

Halides, such as sodium chloride and magnesium chloride, are commonly 
referred to as s2. They have good solubility in water and so are readily washed 
away by the action of either surface water or groundwater. Most of these and 
other water-soluble metal-containing compounds therefore end up in the ocean. 
These compounds are recovered by evaporating seawater. Alternatively, water- 
soluble compounds may end up in land basins, such as the Bonneville salt fats 
of Urah, where they are readily mined. In some regions, such as along the Gulf 
o£ Mexico, vast deposits of halides remain undissolved hundreds of meters 
below the surface, where groundwater cannot reach. The compounds ¡n these 
deposits tend to be very pure, which makes deep mining excavations like the 
one shown in Eigure 18.18 worthwhile. 

In contrast to halides, compounds containing carbonate, phosphate, oxide, 
or sulfide ions tend to have relatively low solubilities in water. Hence, their ores 
tend to stay put and are found in more diverse geologic locations. 

The form in which a metal is most likely to be found in nature is a function of 
1ts position ¡n the periodic table. Figure 18.19 shows that group 1 metals tend to 
be found mostly as halides, proup 2 metals mostÌy as carbonates, and group 3 met- 
als and lanthanides mostly as phosphates. Most metals from groups 4 to 8 along 
with aluminum, Al, and tin, Sn, tend to be found as oxides, and most metals from 
groups 9 to 15 along with molybdenum, Mo, tend to be found as sulfdes. 
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According to Figure 18.19, which ïs more abundant in nature: iron oxide, 
Fe,O., or iron sulfide, FeS? 


Was thỉs your answer? Figure 18.19 shows the most cornmon forrns found 
ïn nature, meaning iron is more abundantt as iron oxide. 


WE SHOULD CONSERVE AND RECYCLE METALS 


Because our planet ¡s chock-full of metal-containing compoundk, ít is difcult 
to Imagine how we could ever incur a shortage of metals. Experts sugøest, how- 
ever, that iÝ we continue with our present rat of consumption, such shortages 
will occur within the next two centuries. The problem is not a shortaøe of metal- 
containing compounds, but rather a shortage of ores from which these com- 
pounds can be extracted 4/ 2 ?4s02ble c0s. 

Consider the recovery of gold. All the gold in the world isolated from nature 
so far could be placed ¡n a sinele cube 18 meters on a side, which would have a 
mass ofabout 130,000 tons. This includes all the naturally occurring elemenral 
gold we have mined plus all the gold puriñed from gold-containing ores. 
Because the rate of gold production is steadily decreasing, one might think we 
have already isolated a significant portlon o£ Earths total gold reserves. Qur 
oceans, however, are laden with gold——as much as 2 milligrams per ton of sea- 
water. Given that there are about 1.5 x 10” tons of seawater on the planet, our 
oceans contain 3.4 billion tons of gold! As yet, however, no method has been 
found for recovering gold from seawater profitably—this gold is simply too 
dilute (Figure 18.20). 

Like the gold in the ocean, most of the metal-containing compounds in 
Earth§ crust are ñnely mixed with other stuff, which ¡s to say the compounds are 
diluted. Ores are, by defnition, parts of Earth5 crust where, for geological rea- 
sons, the compounds have been concentrated. High-grade ores, those contain- 
¡ng relatively large concentrations of compounds, are the ñirst to be mined. After 
these are depleted, we move on to lower-grade ores, which have lower yields that 
translate into greater costs. Eventually, a nation5 ore supplies are depleted, as are 
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FIGURE 18.18 


Thịs subrterranean salt deposit 
contains relatively pure metal- 
containing compounds. After the 
deposits are mined, the resulting 
caverns are very dry and thus 
make excellent archival storage 
Sites for moistur€-sensitive equip- 
ment or documents. 


FIGURE 18.19 


Which compound ofa metal ïs 
most prevalent in nature is 
related to the metalS position in 
the periodic table. 
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FIGURE 18.21 


- Natural resources are unavailable to us when the energy An open-pit aluminum mine in Australia. Aluminum ore 

- required to collect them far exceeds the resourceS inher- is no longer mined ín the United States because the 

_ent value. For example, most of the worlds gold ¡s found reserves have dwindled to the point where it is less expen- 
in the oceans, but this gold ¡s too dilute for extraction to sive to import high-prade aluminum ore from other 


be worthwhile. 


IM Transforming the metal-containing 
compound to a metal is less energy 
intensive 


lñ] Transforming the metal-containing 
compound to a metal is more energy 
intensive 


-_FIGURE 18.22 


"The ions of metrallic elements at 
the lower left of the periodic table 
are most difficult to reduce. For 
this reason, obtaining these cle- 
ments from the metal-containing 
compounds they form is energy- 
intensive. Metallic elements at the 
upper right of the periodic table 
tend to form compounds that 
require Ìess energy to convert to 
metals. 


countries, including Australia. 


the aluminum oxide ores in the United States as described in Figure 18.21. The 
nation ¡s forced to import metals or their ores from other countries, which also 
have finite ore resources. 

We should conserve and recycle metals whenever possible because it is far 
cheaper to produce metals from recycled products than from ore. Environ- 
menrally sound exploratlon of new reserves Is also required. Ore nodules dis- 
covered on the ocean foor, for example, contain as much as 24 percent 
manganese and lá percent iron. Significant quantities of copper, nickel, and 
cobalt have also been found in this submarine terrain. Perhaps mining of the 
ocean foor may one day replace the mining we now do on land. And in the not 
too distant future, perhaps the mining of metal-rich asteroids in space will 
become a reality. 


* 18.4 Metal-Containing Compounds Can Be Converted 
to Metals 


O convert a metal-containing compound to a metal requires an oxidation- 
reduction reaction. Recall from Chapter 11 that oxidation 1s the loss of 
electrons and reduction ¡s the gain o£ electrons. In the metal-containing com- 
pound, the metal exists as a positively charged ion because ¡t has lost one or 
more oÊ its electrons to its bonding partner. To convert metal ions to neutral 
metal atoms requires that they gain electrons; that ¡s, they must be reduced: 


M'Y + e£ — M? 
Metalion Elecron Metal 


The tendency ofa meral ion to be reduced depends on its location in the peri- 
odic table, as summarized in Figure 18.22. As discussed in Chapters 5 and 11, 
metals on the left of the periodic table readily lose electrons. This means it is rel- 
atively dificult to give electrons back to these metal ions——in other words, they 
are difficult to reduce. A sodium atom, for example, being on the left of the peri- 
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odic table, loses electrons easily. Any ionic compound it forms, such as sodium 
chloride, tends to be very stable. Reducing the sodium ion, Na”, to sodium meral, 
NaP, is dificult because doïng so requires giving electrons to the sodium ion. 

Metals on the left and especially the lower left of the periodic table there- 
fore require the most energy-intensive methods of recovery, which includes 
£lecrrojjsis. As was shown in Section 11.3, during electrolysis an electric cur- 
rent supplies electrons to positively charged metal Ions, thus reducing them. 
Metals commonly recovered by electrolysis include the metals of groups 
through 3, which occur most frequently as halides, carbonates, and phos- 
phates. In addition, aluminum is aÌso commonly recovered by electrolysis, and 
other metals are also obtained using electrolysis when vcry hiph purity Is 
necded. The reactions involved when copper ¡s produced this way are shown 
in Figure 18.23. 


_CONCE củ 
củ 
Why is it so đifficult to obtaïn a group 1 metal from a compound containing 
ions of that metal? 


Was thỉs your answer? The metal ions do not readily accept electrons to 
form metal atoms. 


SOME METALS ARE MOST COMMONLY OBTAINED 
FROM METAL OXIDES 


Ores containing meral oxides can be converted to metals fairly efficiently in a 
blast furnaee. First, the ore 1s mixed with limestone and coke, which is a concen- 
trated form of carbon obtained from coal. The mixture is dropped into the fur- 
nace, where the coke is ignited and used as a fuel. At high temperatures, the coke 
also behaves as a reducing agent, yielding electrons to the positively charged 
metal ions in the oxide and reducing them to metal atoms. Eigure 18.24 shows 
this method being used on iron oxide. 


FIGURE 18.23 


High-purity copper Is recovered 

by electrolysis. Pure copper metal 
e-  đepositson the negative clectrode 
) a§ CODper ions in solution gain 


Source of 


electricity electrons. The source of these 


COPp€F Ions 1s a positively 
charged electrode made of 
Impure COpper. 


lmpure 
COpper 
metal 


copper 
metal 


Sheets Sheets Solution 
of pure of impure containing 
CODper CODper CuSOx 
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-= World crude steel production has 

___ groWwn steadily from about 2oo 
million metric tons ïn 195o to 
about 1.1 billion metric tons in 
2OOS. The world's leading pro- 
ducer ¡is China, which ïn 2oos 
produced about 3oo million met- 
ric tons (mmt). This was followed 
by Japan (2o mmt) and then the 
United States (too mmt). So what 
is the difference between a ton 
and a metric ton? A ton ïs the 
USCS unit for 2ooo pounds.A 
metric ton ïs 1ooo kilograms, 
which is equal to 22os pounds. 
So which would you rather have: 
a ton of gold or a rnetric ton of 
gold? 
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FIGURE 18.24 


A mixture of iron oxide ore, coke, and limestone is dropped into a blast furnace, 
where the iron Ions in the oxide are reduced to metal atoms. 


In the furnace, the limestone reacts with ore impurities—=predominantly sili- 
con compounds——to form s/zø which is primarily calcium siÌicate: 


SO;G) + CaCO¿@ —> CaSO;( + CO;() 


Silica sand Carbon 
(ore impurity) dioxide 


Limestone 


Molten slag 
(calcium silicate) 


Because of the hiph temperatures, both the metal and the slag are molten. They 
drain to the bottom of the blast furnace, where they collect in two layers, the 
less-dense sỈaø on top. The metal layer ¡s then tapped off through an opening at 
the bottom of the blast furnace. 

Once cooled, the metal from a blast furnace ¡s known as a 2s/ #£/4È. 
(When the ore is an iron ore, the cast metral is known as ØZ£ 772.) A cast metal 
1s brittle and soft because it stilÍ contains impurities, such as phosphorus, suÏ- 
fur, and carbon. To remoye these impurities, oxygen ¡s blown through the 
molten cast metal in a Ó4s/£ øxÿøeø ƒwz⁄ce, shown In Eigure 18.25. The oxy- 
gen oxidizes the impurities to form additional sÏag, which foats to the surface 
and ¡s skimmed off. 

Most phosphorus and sulfur impuritles are removed ¡n a basic oxygen fur- 
nace, but the puriled metal stilÍ contains about 3 percent carbon. For the pro- 
duction of tron, this carbon ¡s desirable. Iron atoms are relatively large, and 
when they pack together, smalÏ voids are created between atoms, as shown In 
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Oxygen § 
| (a) A fow of oxygen through a 
basic oxygen furnace oxidizcs 
most of the ïmpuritles In a CasL 
metal to form slag that may be 
skImmed away as it Ñoats to the 
surface. (b) The basic oxygen fur- 
nace 1s hoisted and its puriied 
Contenrs poured into a reserVOIr 
used for molding iron pieces. 


Slag 


Cast metal 


(a) (b) 


Eigure 18.26. These voids tend to weaken the iron. Carbon atoms are small 
enouph to fÏ[ the voids, and having the voids ñlled strengthens the iron sub- 
stantally. Iron strengthened by small percentages of carbon ¡s called steel. The 
tendency of steel to rust can be inhibited by alloying the steel with noncorrod- 
¡ng metals, such as chromium or nickel. Thís yields the s/2722/2ss s/eeÏ used to 
manufacture eating utensils and countless other items. 


External pressure 


Steel is stronger than iron 
because of the small amounts of 


Pure iron is fairly soft and carbon it contains. 
malleable because of 
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When the voids are 
filled with carbon atoms, 
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FIGURE 18.27 


Air bubbles rising through a 
foration container transport 
meral sulñde particles to the 
surface. 


OTHER METALS ARE MOST COMMONLY OBTAINED 

FROM METAL SULFIDES 

Metal sulfdes can be purifted by /?ø/z//øø, a technique that takes advantage of the 
fạct that metal suldes are relatively nonpolar and therefore attracted to oil. Ân 
ore containing a metal sulfide is fñirst ground to a ñne powder and then mixed vig- 
orously with a lighrweighr oil and water. Compressed air 1s then forced up 
through the mixture. As air bubbles rise, they become coated with oil and metal 
sulide particles. At the surface of the liquid, the coated bubbles form a floating 
froth, as shown ¡n Eigure 18.27. This froth, which ïs very rich in the meral sulfide, 
is then skimmed ofF. The metal sulfides recovered from the froth are then zøzs/Z/ 
in the presence ofoxygen. The net reaction ¡s the oxidation o£S” ¡n the sulfide to 
S“* in sulfur dioxide and the reduction ofthe metal ion to its elemental state: 


MS@) + O,@ —> M(@ + SO,Œ) 
Metal sulide Oxygen Metal Sulfur dioxide 


The isolation of copper from its most common ore, chaÌcopyrite, requires 
several additional stebs because of the presence of iron. First the chalcopyrite Is 
roasted in the presence of oxygen: 


2 CuFeS„(s) + 3 O›(g) —> 2 Cu§§s) + 2 FeO@) + 2 SO,(g) 


Chalcopyrite Oxygen Copper Iron Sulfur 
sulde oxide dioxide 


The copper sulñde and iron oxide from this reaction are then mixed with lime- 
stone, CaCO;, and sand, SiO;, ¡in a blast furnace, where CuS is converted to 
Cu;S. The limestone and sand form molten slag, CaSiO, in which the iron 
oxide dissolves. The copper sulñde melts and sinks to the bottom of the fur- 
nace. The less-dense iron-containing slag floats above the molten copper sul- 
ñde and ¡s drained of. The isolated copper sulfide ¡s then roasted to copper 
metal: 


CuSll.+ Of) —+ 2CuWj —+ %O,be) 
Copper Oxygen Copper Sulfur 
sulfide metal dioxide 


Roasting metal suldes requires a fair anount ofenergy. Furthermore, sulfur 
dioxide Is a toxic gas that contributes to acid rain, and so its emission must be 
minimized. Most companies comply with EPA emissions standards by convert- 
¡ng the sulfur dioxide to marketable sulfuric acid, H„SO¿. 


—.. 


Why ïisrft iron metal commonly obtained by roasting ïiron ores? 


Was thỉs your answer? Most iron ores are oxides, which are more suitably 
converted to metals using the blast furnace. 


* 18.5 Glass Is Made Primarily of Silicates 


s noted earlier, the prime component of slag 1s silicates, and as earÌy as 
500 B.C. metal workers noticed that solidiied slag had properties not 
unlike those of the highly prized volcanic glass ø6z/⁄2ø. This prompted people 


to heat alÏ sorts orocks in various combinations. SÏaøs of many colors were pro- 
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duced, including some that were transparent. Ñ/hen set to a useful purpose, such 
as in the making of beads, containers, or windows, the hardened slag became 
known as ø/2s. 

Ovcr many ccnturies, glassmaking gradually ¡mproved. Clearer and 
stronger glass made possible many important inventions, such as those shown 
in Figure 18.28. Eyeplasses were ñirst made in northern lraly in the 13th cen- 
tury. Their use quickly spread, and the effect on soclety was signifiicant, espe- 
cially in that cyeglasses prompted people to remain ¡ntellectually actve 
throughout their lives. Another significant achievement made possible by the 
development of glass lenses was the telescope, which in 1610 was pointed sky- 
ward by Galileo, who observed moons orbiting the planet Jupiter and opened 
the door to a golden age ofastronomy. [mproved glass also made possible the 
design of distillaton equipment used to ¡solate alcohol from fermented 
broths. Disulled spirits, as they were called, became noted not only for their 
Iintoxicating effects but for their ability to disinfect and promote the healing 
of woundi. 

Glass is an Zørøbøs 74/z72/, Ïn such a substance, submicroscopic units 
are randomly oriented relative to one another. This is distinguished from a 
crystal, in which submicroscopic units are arranged in a periodic and orderly 
fashion (Section 6.3). GÏass can have a variety of chemical compositions. Com- 
mon glass is a mixture of sodium silicate, Na;SiO;, and calcium silicate, 
CaSiO¿. It is formed by heating a blend ofsodium carbonate, calctum carbon- 
ate, and silica: 


Na;CO; + SO, —> Na;SiO, + CO, 
Sodium Silica Sodium Carbon 
carbonate silicate dioxide 


CaCO; + SiO, —> CaSiO, + CO, 


Calcium Silica Calcium Carbon 
carbonate silicate dioxide 


Various additives provide glass with special properties. Adding potassium 
oxide, K;O, for example, makes a very hard glass commonly used for optical 
applicatlons. hen lead oxides are added, glass becomes dense and has a high 
refractive index, which means it readily bends white lipht into a rainbow of col- 
ors. Such glass ¡s called ezJs#z/ ø/zss because these properties resemble those of 
true crystals, such as quartz, which is a crystalline form of silica. Adding boron 
oxide, B¿O;, markedly lowers the rate at which glass expands when it ¡s 
warmed and contracts when ït is cooled. This enables the glass to withstand 
sudden changes In temperature without breaking. Such glass is known as Ïy7z¿x 
&/zss and is used in laboratory glassware and cooking utensils. GÏass can be col- 
ored by adding various chemicals. Cobalt oxide gives a blue glass used in spe- 
cialty dinnerware. Adding the element selenium gives glass a red color, and the 
element iridium makes glass black. GÌassmaking artists have experimented with 
chemical additives to give a variety of colored glasses, such as those shown in 
Eigure 18.29. 

The physical properties of ølass are wholly remarkable. It ¡s easily melted, can 
be poured or blown into almost any shape, and retains that shape when it cools. 
Moreover, pieces of ølass can be melted together to become sealed without glue 
or cement. This allows for the manufacture of many intricate glassware designs. 
Glass is transparent and resistant to even the most corrosive chemicals, which is 
why chemical reactions in the laboratory are usually carried out in gÌass contain- 
ers. Long, thin strands of gÌass are fexible enough to be encased in cables that 
can stretch for hundreds of kilometers. These are the /72cz-øø/Ze ezbj2s shown in 


FIGURE 18.28 


Eyeglasses, a telescope, and a dis- 
tillation apparatus——pivotal ølass 
Inventions. 


FIGURE 18.29 


Glass as an art form. 
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FIGURE 18.30 


Information-bearing lipht pulses 

| travel throuph the glass of ñber- 
optic cables, a revolution ¡in long- 
distance communication. 


FIGURE 18.31 


Ceramic pottery. 


FIGURE 18.32 


Án cngine made of the ccramic 
- gilicon nitride. 


Eigure 18.30, through which pulses of light can travel, carrying information 
data with remarkable eficiency. 

Fortunately, the starting materials for glass are abundant, and so, unlike the 
situation with paper, plastics, and metals, we are not in Imminent danger of a 
glass shortage. Resources can still be saved, however, by recycling glass. The 
energy needed to produce gÌass from recycled products is only 70 percent of the 
energy needed to produee ít from raw materials. Glass by any standard has been 
one o£humankindS best bargains. 


® 18.6 Ceramics Are Hardened with Heat 


et clay is a mixture o£ microcapsules of aluminum oxides and silicon 

oxides surrounded by water. It can be shaped easily because the water 
serves as a lubricant that allows the microcapsules to sÏip over one another. 
hen dry, the microcapsules become locked in position, and the clay holds 
its shape. Heating the dried clay to high temperatures causes the silicon 
oxides to melt into a glass that on cooling bonds the microcapsules together. 
At this point, the clay is transformed to a hard, water-resistant ceramic useful 
for making the pottery shown ¡n Figure 18.31 as well as a myriad of other 
products. 

In general, a eezz/c is any solid that has been hardened by heat. Modern 
ceramics contain nonmetallic elements such as oxygen, carbon, or silicon, but 
they may also contain metallic elements, such as aluminum or a transition 
metal. Unlike metals, ceramics cannot be pounded into thin sheets or drawn 
into wires. Instead, they tend to fracture, as anyone who has dropped a 
ceramic dinner plate knows. But ceramics are superior to metals for some 
applications. For example, ceramics are able to withstand extreme tempera- 
tures without melting or corroding, and they are lightweight and can be very 
hard. An example ofa modern ceramic almost as hard as diamond ¡s silicon 
carbide, SiC, also known as carborundum. This lightweight ceramic does not 
conduct heat and can withstand temperatures up to 2000°C.. Thhese properties 
make ¡t ideal for coating spacecraft, which are subJect to extreme conditions 
as they reenter Earths atmosphere. Componenrs for hot turbine engines are 
also being built of either silicon carbide or a similar ceramic, silicon nitride, 
SiaN¿. 

Modern ceramics are ideal for making automobile engine parts, such as 
those shown in Eigure 18.32. The efiiciency of an engine goes up with increas- 
¡ng operating temperatures. [odays metal automobile engines are relatively 
inefficient because their operating temperatures must be kept below the melt- 
ing point of the metals. Radiators remove valuable heat that otherwise would 
raise efficiency. In fact, about 36 percent of fuel energy ¡s lost through the 
radiator. 

So why arent todays engines made of ceramics? The short answer ¡is that, 
unlike metals, ceramics cannot bend and deform to absorb impacts. Ïntense 
research is currently under way to solve the problem of ceramic brittleness, with 
some success. [mproved resistance to fracturing, for example, can be attained by 
careful quality control of starting materials and processing. Âs we shalÏ see in the 
next section, brittleness can also be combated by c2z222s7/Zzøceramics with other 
materials. 

Engines consisting of mostÌy ceramic parts are being developed in Japan, 
and Figure 18.33 shows a high-powered sedan featuring a small ceramic- 
based engine and no radiator. This car uses heat instead of rejecting it, as do 
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the prototype turbine ceramic-based engincs developed in 
the United States by the Department of Energy. In pÏace 
of pistons, the Ú.S. versions feature two gas turbines made 
of durable silicon nitride, and the cngine 1s designed to 
run at a hot 1300°C, with higher efficiency and cleaner 
emissIons. 


CERAMIC SUPERCONDUCTORS HAVE 
NO ELECTRICAL RESISTANCE 


In ordinary electrical conductors, such as copper wire, 
moying electrons that fow as electric current often collide 
with the atoms of the conductor, transferring some of their 
kinetic energy to the conductor as heat, which ¡s lost to the 
environment. Thís heat loss adds up when electrical energy is being carried 
over vast distances, meaning that some of the energy generated at a power plant 
never makes it to the consumer. In the late 1980s, researchers found that spe- 
cially formulated ceramic compounds lost all electrical resistance when bathed 
¡n liquid nitrogen at —196°C. The electrons in these conductors travel in path- 
ways that avoid atomic collisions, permitting them to flow indefinitely. Steady 
currents haye been observed to persist for extended periods of time without 
apparent loss. These ceramics are called superconductors and havc zcro clec- 
trical resistance. The current through them does not decrease, and they gener- 
ate no heat. 

Transmission of electrical energy is one obvious applicatlon for ceramIc 
superconductors. This enerey might even be stored for later use in large cir- 
cular loops of a superconducting material. Unfortunately, ceramics tend to 
be brittle and cannot be drawn into wires. Á solution to these mechanical 
problems is to homogenize the superconducting ceramic startine materials 
with an organic thermoplastic. At warm temperatures, the mixture can be 
drawn into long fñbers, which are then baked into a medium. When the 
fñbers are cooled by liquid nitrogen, as shown in Figure 18.34, they become 
superconducting. 

The mechanisms of superconductivity in ceramics are not fully understood, 
and most progress 1s still being made by trial and error. Perhaps once the 
secrets are unlocked, the many obstacles posed by ceramic superconductors 


Outer protective coating 


lnner cryostat wall 


Liquid nitrogen coolant 


Copper shield wire 

HTS shield tape 

High voltage đ6leet ` 
HTS tape bà 


Copper core 


Outer cryostat wall 


FIGURE 18.33 


'This vehicle has no radiator 
because many ofits engine parts 
are made of heat-resistant 
ceramic materials. 


{y1 


s Superconductor cables are now 
being employed for the transmis- 
sion of electrical energy within 
densely populated metropolitan 
areas where there is little room 
for additional power lines. The 
world'5 first installation is a 
O.6 kilormmeter superconductor 
cable placed underground within 
East Garden City, Long Island, 
New York. Wïth a capacity of 
6oo megawatts, this single 
cable is capable of powering 
30O,OOO homes. 

MORE TO EXPLORE: 
American Superconductor 
WWW.amsuper.com 


FIGURE 18.34 


High Temperature Superconduc- 
tor (HTS) materials are wound 
within a cable system designed to 
also contain liquid nitrogen 
coolanr. 
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will be overcome and their great potential realized. It might even be possible 
to design materials that superconduct at room temperature, thereby avoiding 
the necd for relatively inexpensive but cumbersome liquid nitrogen or other 
coolants. 


® 18.7 Composites Combine Fibers 
and a Thermoset Medium 


hermoset plastics (Section 12.4) are pretty tough, as are various polymeric 
ñbers. Combine the two, however, and you have a composite material that 
is more than twice as strong and just as lightweipht. Composite materials are 
made by incorporating fbers into any thermoset medium, such as thermoset 
plastics, metals, or even ceramics. Examples ofcomposite materials are shown in 
Figure 18.35. 

There are many examples of composites in nature. Â tree can ørow to great 
heights and support heavy branches because it is a composite of fexible cellu- 
lose ñbers in a lignin matrix, as noted ¡n Section 18.1. Seashells and limestone 
are both made of calcium carbonate, but seashells are much harder because they 
are composites of crystalline calcium carbonate with embedded polypeptide 
fñibers. Humans have been fabricating composites ever since they began mixing 
straw with clay. The straw not only makes for stronger pots and bricks but also 
keeps them from cracking as the clay is dried. 

The composite industry was launched ¡in the early 1960s with the develop- 
ment of fiberglass, which consists of short glass fibers In a matrix of some ther- 
moset resin. Fiberglass composites are tough, lightweipht, and inexpensive to 


= 


Rocket cone 


Fiberglass 


FIGURE 18.35 


A few cxamples of composite 


mmaterials. Graphite fiber composite 
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make, and they have found many marine, housing, construction, sports, and 
industrial applications. 

The strongest new composites are the 22e¿Z eøzpos7£es, in which Rbers 
are aligned or interwoven before being set within the resin. Advanced com- 
posites have extraordinary strength ¡n the direction of the aligned fibers and 
are relatively weak in the perpendicular direction. /eakness in one direction 
can be overcome by laminating layers together at different angles, as In pÌy- 
wood, a familiar composite. Strength in all directions can be achieved by 
weaving the fibers into a three-dimensional network. Besides strength, 
advanced composites are also known for their lightness, which makes them 
ideal for car parts, sporting goods, and artificial limbs. Advanced composites 
tend to be expensive, however, because much of their production ¡s still done 
by hand. 

Airplane parts, and even whole airplanes, are now being fabricated out of 
lightweight advanced composites in order to save fuel. In 1986, the all-compos- 
ite W2yzge, shown in Figure 18.36, was the first plane to y around the world 
without refueling. Many private Jets are now fabricated out of composites. The 
general public may one day have its chance to fly ¡in fuel-efficient, stress-resistant 
composite airplanes. In the meantime, we Ñy in passenger airplanes made of 
metal, which are still more economical to build. 

The aerospace industry 1s particularly interested in advanced composites 
that are lightweight and can withstand the extreme pressures and tempera- 
tures experienced by spacecraft. Efforts are now under way to design and 
build a new generation of vehicles capable of transporting astronauts and sci- 
entists to the moon by 2015 and then to Mars as carly as 2020. The starting 
phase of this program is currentÌy focusing on safe and economic means of 
achieving low Earth orbit. One competing design is shown ¡in Figure 18.37. 


A COMPOSITE OF WHITE GLUE 


COMPOSITES COMBINE FIBERS AND A THERMOSET MEDIUM 


AND THREAD 
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The all-composite W2y4gez 
airplane. 


mneasuring about 4 centimeters by 


ts easy to stretch a layer of dried 8 centimeters. 


white glue until ït splïts in half,and 

ïEs easy to yank a single strand of 
sewing thread into two pieces. Com- 
bine the glue with many strands of 
thread,however, and the resulting 
composite is most resistant to 
breakage—but only in the directions s} 
parallel to the threads. Make this 
composite and test its strength. 


WHAT YOU NEED 


White glue, sewing thread, alu- 
mninum foïl, scissors 


PROCEDURE 


1.. Pour the glue onto the aluminum 
foïl to rnake three strips, each 


2. Onone of the strips, lay strands of 
thread parallel to the longer side 
of the strip. Lay enough strands 
so that they are no rnore than 
O.5 centimeter apart. 


Ơn a second strip, lay strands of 
thread both paraTlel and perpen- 
dicular to the longer side of the 
strip. Agaïn lay enough strands 
so that they are no more than 
O.5 centimeter apart. 


._ After the glue has thoroughly 
dried, separate the three strips 
from the foïl and cut off the ends 
of any Ïoose threads. Pull on the 


three strips in various directions, 
and compare their strengths and 
weaknesses. 


632 CHAPTER 18 MATERIAL RESOURCES 


R 


The next generation o£ space vehicles will feature capsules that rerurn to Earth via 
parachute. This is in contrast to the glider reentry Space Shutde design. Shown here 
1s Lockheed-Martins preliminary design, which features an aerodynamic (zzzu 
Eupioraton Vehicle, CEV; that permits some maneuverability during descent. 


Crew 
.. The same materials developed for aerospace planes may one day be applied to 
commercial travel. Hypersonic aircraft traveling at many times the speed of 
sound would reduce the time of a transpacific fight from America to Âus- 
tralia from 16 hours to a mere 3 hours. W/hats more, the altitude of the air- 
craft would necessarily be so hiph that travelers would get a clear view of the 
curvature of Planet Earth. 
Mission 
module 
® In Perspective 
echnological feats are made possible only after the appropriate materials 
have been developed. Columbus made it to the Americas with rupged sails 
P/opulsion of canvas, ñirm ropes of hemp, and a sturdy wood hull bound by metal. Like- 
stage wise, whether our dreams are to remain Ñction or turn into fact depends on the 
materials available to us. Today, with a growing number of remarkable materials, 
we can send data throuph ñber-optic cables, crisscross the skIes, or ly to Mars 
and beyond——a sign that the human spirit of exploration is more empowered 
than ever before. 
¡ KEY TERMS 
Metallicbond A chemical bond in which the metal Steel Iron strengthened by small percentages of 
lons In a piece ofsolid metal are held together by their carbon. 


attraction to a “uid” ofelectrons in the metal. : : Ỗ 
Superconductor Any material having zero electrical 


Alloy A mixture of two or more metallic elements. T€SIStance. 

Ore A geologic deposit containing relatively hiph Composite Any thermoset medium strengthened by 
concentrations ofone or more metal-containing the incorporation of fibers. 

compounds. 


PAPER IS MADE OF CELLULOSE FIBERS R ST, Ẫ 
3. What ¡sa Fourdrinier machine, and what was the 


1. What component of plants is most useful in the fab- Impact of its invention? 


Nhat : 
rieation oš paperi 4. When did people start using trees to make 


2. When was paper introduced in Europe? paper? 


THE DEVELOPMENT OF PLASTICS INVOLVED 
EXPERIMENTATION AND DISCOVERY 


5. How did Schobein discover nitrocellulose? 


6. What chemical ¡s used to make celluloid a workable 
material? 


7. What is one of the major drawbacks of celluloid? 


8. Who provided Baekeland with the ñnancial 


resources to develop Bakelite? 


9. Nhat prompted Brandenberger to seek a way to 
make thin sheets of viscose? 


10. How did chemists transform cellophane Into a 
Vaporproof wrap? 


11. What was one of the prime motivations for the 
Japanese to invade Malaysia at the beginning of World 
Nar HÏ 


12. What polymer proved useful in the development of 
radar equipment lightweight enouph to be carried on 
airplanes? 


13. What role did Tefon play in World WWar II? 


METALS COME FROM THE EARTH'S LIMITED 
SUPPLY OF ORES 


14. What are the five types of negatively charged ions 
found in metal-containine compounds? 


15. Which metal-containing compounds are most solu- 
ble in water? 


METAL-CONTAINING COMPOUNDS CAN BE 
CONVERTED TO METALS 


16. Whích group of metals requires the most energy to 
be recovered from metal-containing compounds? 


E21 TÁC 


tryy v0 
MÀ 


Sịc/ 2 


'CONCEPT BUILDING @sroinArr ìN 


31. ® How are paper and cooked spaghetti similar to 
cach other? 


32. ® What are the advantages and disadvantages of 
using trees to make paper? 


33. 8 What arc the advantagcs and disadvantagcs of 
using industrial hemp to make paper? 


34. ® Fallen trees rot as naturally occurring fungi 
digest the lignins that normally bind the wood fibers 
together. How mipht these fungi be used in the manu- 
facture of paper? 
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17. When iron ions are reduced to neutral iron atoms 
in a blast furnace, where do the electrons come from? 


18. How are copper sulñde, CuS, and iron oxide, FeO, 
separated from cach other ¡n a blast furnace ¡n the 
preparation of copper metal? 


GLASS 1S MADE PRIMARILY OF SILICATES 


19. In what ways did the development of glass affect 
human history? 


20. How is glass different from crystal? 
21. Is crystalware really made of crystal? 
22. How is colored glass made? 


23. What are the benefits of recycling gÌass? 


CERAMICS ARE HARDENED WITH HEAT 
24. What is a ceramic? 


25. What advantages do ceramic automobile engines 
have over metal ones? 


26. What is the primary drawback ofa ceramic? 


27. Is It possible for a ceramic to conduct electricity? 


COMPOSITES COMBINE FIBERS 
AND A THERMOSET MEDIUM 


28. What is a composite, and what are some examples 
found in naturc? 


29. Where are you most likely to ñnd composites in the 
marketplace today? 


30. Why are composites an ideal material for aircraft? 


TERMEDIATE @ EXPE 


35. # Shown here are the structurers for sulfuric acid, 
H;SƠ¿, and sulfurous acid, HSO:. Which should be 


the stronger acid and why? 


Ọ O 
lÍ lÍ 
HO— S—OH 
Ï - HOZŠ*OH 
©œ 
Sulfuric acid Sulfurous acid 
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36. ® Sulfurous acid (shown ¡n the previous question) 
is an unstable molecule. It decomposes into what two 
compounds? 


37. ® What role did chance discovery play In the his- 
tory of polymers? Cite some exampÏes. 


38. 4 What ¡s the difference berween collodion and 


celluloid? 


39. @ What ¡s the chemical difference between cellu- 
loid and cellophane? 


40. #8 Why does a freshly cut Ping-Pong ball smell of 


camphor? 
41. ® Why are Ping-Pong balls so highly ammable? 


42. # Melmac ¡s a thermoset polymer discussed in 
Chapter 12. How are the chemical structures of Bake- 
lite and Melmac similar to cach other? How are they 
different? 


43. 8 List these plastics in order of the year ¡n which 
they were developed: cellophane, celluloid, collodion, 
Parkesine, PVC, Tefon, viscose. 


44. ® WWhat ¡s the great advantage ofa pÏastic over 
other materials such as wood, metal, or ivory? 


45. ® Camphor ¡sa 10-carbon 
odoriferous natural product 
made from the joining oftwo 
isoprene units plus the addidon 
of£a ketone. Shown here is its 
chemical structure. Find and 
circle the two Isoprene units. 
For help, see Chapter 12, ques- 
tion 100 on page 426. 


4ó. 8# Why are ores so valuable? 


_ÐÒ 


Camphor, C;ạH›;O 


47. ® Can only group I elements form halides? 


48. 8 Distinguish between a metal and a metal- 
containing compound. 


49. ® Metal ores are isolated from rock by taking 
advantage of differences in both physical and chemical 


properties. Cite examples given in the text where differ- 
ences in physical properties are used. Cite examples 
given in the text where difÍerences in chemical proper- 
ties are used. 


50. $ Iron ¡s useful for reducing copper ions to copper 
metal. Mipht it also be used to reduce sodium ions to 
sodium metal? Wfhy or why not? 


51.8 Given that the total number ofatoms on our 
planet remains fairly constant, how is It ever possible to 
deplete a natural resource such as a metal? CanYt we just 
recycle the atoms we use? 


52.8 An artist wants to create a metal sculpture 
using a mold so that his arrwork can be readily mass- 
produced. He wants his sculpture to be exactly 6 Inches 


tall. Should the mold also be 6 inches tall› WWhy or 


why not? 


53. # Iron ¡is mụch more dense than water. So how is it 
possible for a boat made ofiron to foat? (#27: See the 
Rrst FYI in Chapter 17.) 


54. ® Is transparent glass a homogeneous or heteroge- 
neous mixture? 


55. ® When is glass not fragile? 


56. # Commercial beverages are transported in 

both plastic and glass containers. How mipght ít 

be that the glass containers are responsible for the 
release of more atmospheric pollution than the plastic 
Containers? 


57. ® In what sense ¡s glass the glue that holds a 
ceramic together? 


58. 8 If the efliciency ofan engine increases with 
increasing temperature, why are conventional automo- 
tive engines equipped with radiators to keep them cool? 


59. 8 In what direction is a sample ofplywood weak- 
est? Why? 


60. ® Concrete by itselfis not strong enouph to build 
large structures. How do engineers overcome this 
inherent weakness? 


DISCUSSION QUESTIONS 


61. Which of the materials described in this chapter are 
most important to recycle for economic reasons? For 
environmental reasons? For political reasons? Explain 
YOUIT 3nSWCFTS. 


62. Should the government require that certain materi- 
als be recycled? Ifso, how should this requirement be 
enforced? 


63. Ñhat are some of the obstacles people face when 
trying to recycle materlals? How might these obstacles 
be overcome in your community? 


64. You are given the choice of shopping from either a 
modern catalog or one from the 1930s. Which catalog 
offers more goods? W/hích catalog would you choose 
and why? 


65. Handheld calculators were first made available to 
the gencral public in the 1970s. They were all the rage, 
but soon faded inro the backdrop. The desktop com- 
puter was the technical wonder of the 1980s. During 
the 1990s, it was the World W¡de Web. What have 
been the technical wonders of the first decade after 
Y2K? What might be the wonder of 10 years from 
now? 20 years? I0Ũ years? 


6ó. How grateful should we be for technological 
advances? Have they really made our lives better? 


67. Pretend you have just earned a college degree In 
chemistry. You have job offers from a paper mill 
($§40K), a company that produces plastics ($35K), a 
steel mill (860K), a start-up glass-blowing company 
that produces specialty laboratory glassware ($32K), 
and a manufacturer of carbon composites used ¡n ath- 
letic equipment ($25K). You also have the option of 
going to graduate school where they wilÏ pay you an 
annual stipend of $15K. Which do you choose? What 
factors besides salary and type ofemployment con- 
tribute to your decision? 


HANDS-ON CHEMISTRY INSIGHTS 


PAPERMAKING 


All plants contain cellulose, which ¡s why paper can be 
made from all plants. However, all plants also contain 
cellulose-binding lignins. Those that have the highest 
lignin content, such as trees, require the strongest chem- 
Icals in order to free the cellulose ñber. Plants that have 
lower lignin content, such as grasses and nonwoody 
shrubs, can be treated with milder chemicals in order to 
free the cellulose fbers. Such pretreatment can be 
avoided altogether when working with recycled fibers, 
as you did ¡in this activity using scraps ofold paper or 
cloth. Thus, recycling paper not only saves trees but 
also makes the papermaking process more efficient. 


A COMPOSITE OF WHITE GLUE AND THREAD 


The strength provided by the ten or so parallel strands 
you used for this activity is considerable. Consider, 
then, the strength provided by a fabric made of hun- 
dreds of strands laid on the glue. 

The strenpth ofa composite is maximum only in 
directions parallel to the ñbers. Thus, crisscrossing Rbers 
makcs for a composite that has maximum strength in 
several directions. In some forms of fiberglass, the 
strands of reinforcing gÏass are strewn in random direc- 
tions. This random arrangement decreases the strength 
in any one directon but optimizes the overall strength. 


EXPLORING FURTHER 635 


68. Industrial hemp, the original strain of the mari- 
juana plant, has been cultivated for millennia for its 
fñber content, especially for the production oÊrope and 
canvas. In fact, the word œ4 is derived from hemp 
Latin name e720ø s2/Zuz. Industrial hemp contains 
negligible quantities of the psychoactive drug THC. lf 
planted side-by-side with marijuana, it would pollinate 
the marijuana, thereby depleting the marijuana5 psy- 
chotropic propertles. Growing industrial hemp without 
a permit from the Drug Enforcement Agency, DEA, 
however, is a fcderal crime with a maximum penalty of 
lifc in prison. For what reasons do you suppose the 
DEA reftises to prant these permits? 


69. You are faced with an empty plastic peanut butter 
Jar that needs to be washed out before ¡t is acceptable 
for recycling. ÑWashing the jar, however, wilÍ consume 
soap and a lot of hot water. What do you do? (Assume 
your pet dog 1s away on vacation.) 


70. What should be done with the mining pits after all 
the ore has been removed? Consider the open-pit cop- 
per mine of Figure 18.16. 
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In our search for energy sources, it is only natural to look to 
the sun. [he warmth you feel from the sun, however, isnt so 
much because the sun is hot. Indeed, the sun's surface tem- 
perature of 6ooo°C is no hotter than the flame of some 
welding torches. Rather, the primary reason you are 
warmed by the sun is because ït is so big. Look at the lower 
right corner of the chapter-opening photograph, and youTl 
see a small blue dot. This dot (painted on the photograph) 
is the approximate relative size of Earth. Clearly,when we 
think about possible energy sources, the enormous energy 
wealth at the heart of our solar system demands our 
utmost attention. 

Indeed,whenever we burn plant material,we are releasing 
solar energy that was captured through photosynthesis. 
Solar energy is also released when we burn fossï] fuels, which 
are the decayed remains of plants and plant-eating animals. 
Electricity-producing hydroelectric dams depend on the 
water cycle, which is driven by solar radiation.Windmills har- 
ness wind to produce electricity and also to pump water,and 
winds exist because the sun heats different parts of the 
planet at different rates. Photovoltaic cells directly generate 
electric currents when exposed to solar radiation. In addition, 
a number of energy sources that do not depend on the sun 
are now available, ïncluding nuclear, geothermail, and tidal 
energies. 

All usable energy, whatever the source, is delivered to us 
either in the form of fuel or in the form of electricity. The 
wonder of electricity is the ease with which it can be trans- 
mitted to many sites. This property makes electricity one of 
our mos† convenient forms of energy. To produce electric- 
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-_FIGURE 19.1 


Basic anatomy o£an electric gen- 
erator. Electricity is generated in 
a looped wire as the wire rotates 
through a magnetic ñeld. This 
motion causes electrons in the 
wrre to slosh back and forth. 
Because the electrons are moving, 
they possess kinetic energy and 
so have the capacity to do work. 


ïty, however, requires the ïnput of some other source of energy, sụch as 
the burning of a fuel. We therefore begin this chapter with a brief 
overview of how electricity is generated and how ïts consumption ïs 
measured. 


® 19.1 Electricity lsa Convenient Form of Energy 


[re ¡1s the fow ofelectric charge. Ít is penerated in a metal wire when the 

ire is forced to move through a magnetic feld and the field causes the elec- 
trons of the metallic bonds to fow. By coiling the wire into many loops and rotat- 
¡ng the loops throueh powerful magnetic fields, power companies are able to 
generate enoueh electricity to lieht up citles. Figure 19.1 illustrates such an ¿ecfz7c 
4£71CTAOF. 

The many loops ofwire wrapped around an iron core form what is known as 
an 47zz/„re. The armature is connected to an assembly of paddle wheels called a 
#urbiz. Energy from wind or falling water can cause the turbine and thus the 
armature to rotate, but most commercial turbines are s/2 /z7zes, meaning 
they are driven by steam. To boil the water to create steam requires an energy 
source, which ¡s usually a fossil fuel or a nuclear fuel. 

Sull under development are more efficient øøs /z/zes, which are driven not 
by steam but by the hot combustion products of vaporized alcohols and light- 
weipght hydrocarbons. 


Electron 
Metal ion 


Multiple 
Wwire loops 


19.1 ELECTRICITY IS A CONVENIENT FORM OF ENERGY 


Is electricity more accurately thought of as a source of energy or as a carrier 


of energy? 


Was thỉs your answer? Flectricity is energy that is readily transported 
through wires. In this sense, ït can be thought of as a carrier of energy. The 
energy of electricity is used to run a lightbulb, true, but the source of this 
energy is not the electricity. Rather, the electricity is merely delivering 

the energy that was generated by some electric qenerator, which received 
energy from some nonelectrical source, such as a fossïl fuel or a waterfall. 


WHAT?S A WATT? 


Power ¡s defned as the rate at which electrical energy (or any other form of 
energy) 1s expended. Power is measured in watts, where l watt is equal to I joule 


p€r second: 


1 joule 
Ì watt = ————— 
1 second 


A lot o watts means that a lot of energy ¡s being consumed quickly. A 100-watt 
lightbulb, for example, consumes 100 Joules ofenergy cach second, and a 40-watt 
bulb consumes only 40 joules cach second. 


# Take a careful look at your 
next electric bill. Note that you 
pay for electrical energy ïn units of kïlo- 

watt-hours. A kilowatt-hour (kWh) is the 
armmount of energy consumed in 1 hour at a rate of 1 kilo- 
watt (tooo joules per second). Therefore, if electrical 
energy costs 1s cents per kilowatt-hour, a lightbult that 
has a power rating of1oo watts (o.1 kilowatt) can be run 
for 1O hours at a cost of 1s cents. 


he calculation to arrive at this cost is done as follows: 


Step 1. Calculate the total amount of energy consumed 
in kilowatt-hours: 


power ïn kilowatts x time = 
energy consumed in kilowatt-hours 


ö.1kWx1oh=1kWh 


Step 2. Calculate the cost of consurning this much 
enerdgy: 


kilowat†-hours consumed x 
price per kilowatt-hour = cost 
15€ 


1 kWh x— ˆ”—= 1s 
1 kWh 


KILOWATT-HOURS 


Alternatively, ten 1oo-watt buTbs can also be run for 1 hour 
at a cost of 15 cents. 


Step 1. Calculate the total amount of energy consumed 
in kilowatt-hours: 


power in kilowatts x time = 
energy consumedin kilowatt-hours 


o.1kW 
1 bulb 


1O buÏbs x x1h=1kWh 


power ïn kW 


Step 2. Calculate the cost of consuming this much 
energy: 


kilowatt-hours consumed x 
price per kilowatt-hour = cost 


1 kWfñ x—“—_ =15€ 
1 kWh 


YOUR TURN 
How rnuch does ït cost to operate ten 1oo-watt light bulbs 
for 1O hours at a cost of 15 cents per kilowatt-hour? 


Answers to Calculation Corners appear at the end oƒ each chapter. 
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Billion kilowatt hours 


The typical U.S. household consumes electrical 
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Coal and natural gas are expected 
to be the predominant energy 
sources for the production of 
electricity in the United States. 


quadruple their average output. This ¡is why small 

Nuclear cities require electric power plants that can pro- 

feneeables {ụce energy at a power rating of 300 megawatts or 

2%;EWE27"+ tê kê 4g higher. These needs are casily met by present-day 

power plants. A typical coal-ired plant produces 

on the order of 500 megawatts of electrical energy, 

a large nuclear plant can produce on the order of 

1500 megawatts, and a large hydroelectric dam can produce more than 
10,000 megawatts. 

One factor affecting the cost of electricity is the source of the electrical 
energy. Fossil fuels and nuclear fuels produce hundreds of megawatts of power 
from a single power plant and are thus able to serve large areas, including 
citles (Figure 19.2). Therefore, economies of scale make electricity from fossil 
fuels and nuclear fuels relatively Inexpensive. Electricity from sources that are 
not so easily centralized, such as wind energy, have traditionally been more 
expensive. However, this gap has narrowed significantly as technology has 
improved. 


# 19.2 Fossïl Fuels Are a Widely Used but Limited 
Energy Source 


ur fossil fuel supplies were created hundreds of millions of years ago 

when ancient plants and animals died and became buried in swamps, 
lakes, and seabeds. These supplies cannot be replaced after we have used them 
up, which ¡is why they are often referred to as øø7z£zezøabfe energy sources. 
Estimates vary on the worlds supply of fossil fuels, which include coal, petro- 
leum, and natural gas. Even the most conservative estimates, however, show 
that, at present consumption rates, recoverable petroleum reserves will be 
depleted within 100 years and recoverable natural gas reserves within 150 
years. As depletion approaches, these valuable commodities will become too 
costly. Coal reserves, on the other hand, are more abundant and may last 
another 300 years. Worldwide, nearly alÏ our present energy needs are met by 
fossil fuels—38 percent from petroleum, about 30 percent from coal, and 
about 20 percent from natural gas. 

Why are fossil fuels so popular? First, they are readily available in many 
regions of the world, as shown in Figure 19.3. Second, gram for gram, they store 
much more chemical enerey than other combustible fuels, such as wood. Third, 
they are portable and make excellent fuels for vehicles. 

Gases emitted when fossil fuels are burned have negative environmental 
effects. As discussed in Section 17.2, sulfur and nitrogen oxides lead to acid rain. 
These gases, along with particulates created from the combustion of fossil fuels, 
are also a leading cause o£urban smog. On a global level, the burning of fossil 
fuels presents a potentially more devastating disturbance—increased global 
warming, as discussed in Section 17.4. 
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Europe 

Coal 12.4% 
Petroleum 2.0% 
Natural gas 3.5% 


Middle East 
Coal 6.2% 
Petroleum 65.4% 
Natural gas 33.8% 


_FIGURE 19.3 


Fossil fuel deposits are not distributed evenly throughout the world. For instance, 
65 percent of the worlds recoverable petroleum deposits are in the Middle East, 
along with 34 percent of recoverable natural gas deposits. North America ¡s rela- 
tively poor ¡in petroleum and natural gas but has a bit more than one-fourth of the 
worlds supply of coal. 


The molecular structure of fossil fuels accounts for their physical phases. As 
shown in Figure 19.4, coal ¡s a solid consisting ofa tightÌy bound three-dimen- 
sional network of hydrocarbon chains and rings. Petroleum, also called ezz 
ø7/ 1s a liquid mixture of loosely held hydrocarbon molecules containing not 
more than 30 carbon atoms cach. Natural gas ¡is primarily methane, CHỊ, 
which has a boiling point of —163°C. Smaller amounts of gaseous ethane, 
„H1, and propane, C;H;, are also found in natural gas. 

Interestingly, there ¡s a fourth form of fossil fuel, known as 7£/ð2ø£ l4. 
Most deposits of this material are located kilometers beneath the ocean foor, 
but in certain locations, the deposits lie Jjust beneath the ocean foor, where 
researchers can collect samples. Methane hydrate is a white, icy material, and it 
is made up of methane gas molecules trapped Inside cages of Írozen water, as 
shown in Figure 19.5. According to the United States Geological Survey 
(USGS), the amount of natural gas stored within methane hydrate ¡n the 
United States alone ¡s about 320,000 trillion cubic feet. By comparison, con- 
ventional natural gas reserves within the United States contain about 190 tril- 
lion cubic feet. Ihere ¡s no shortage of methane hydrate. The problem ¡s that 
this material is many times more difficult to extract. Ás a solid it ¡s not readily 
pumped from its deep underground or underocean locations. Also, ít s usually 
found within nonporous rock, such as shale, which further helps to lock the 
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Coal 


Natural gas 


Petroleum 


FIGURE 19.4 


Typical molecular structures of coal, petroleum, and natural gas. 


FIGURE 19.5 


(a) Bubbles of methane gas 
escaping from a deposit of 
methane hydrate found on the 
lce crystal ocean floor. (b) Once brought to 
the surface, methane hydrate 
crystals quickly decompose as the 
ice melts and the methane øas— 
seen here burning——Is released. 


Methane molecule4 


(a) 


19.2 FOSSIL FUELS ARE A WIDELY USED BÚT LIMITED ENERGY SOURCE 643 


methane underground. Researchers are now looking for ways to overcome these 
obstacles and the search ¡s on for relatively accessible deposits. Even a small frac- 
tion ofthe vast methane hydrate reserves repbresents a suppÌy o£ fossil fuel øreater 
than all the world coal, petroleum, and natural gas e2777eZ. 


COAL IS THE FILTHIEST FOSSIL FUEL 


Worldwide, the amount of energy available from coal is estimated to be about 
ten times greater than the amount available from all petroleum and natural gas 
reserves combined. Coal is also the fi[thiest fossil fuel because ít contains large 
amounts of such impurities as sulfur, toxic heavy metals, and radioactive Iso- 
topes. Burning coal ¡s therefore one of the quickest ways to introduce a variety 
of pollutants into the air. More than haÏlf of the sulfur dioxide and about 30 per- 
cent of the nitrogen oxides released into the atmosphere by humans come from 
the combustion of coal. As with other fossil fuels, the combustion of coal also 
produces laree amounts of carbon dioxide. 

Extracting coal from the ground is also harmful to human health and to the 
environment. Mining coal from underground mines, as the workers in Figure 
19.6 did, ¡sa dangerous job with many health hazards. Local waterways are con- 
taminated as they receive efluents from the mines. These effluents tend to be 
very acidic because of the sulfuric acid that forms from the oxidation of such 
waste minerals as iron sulfñde, FeS„. When coal ¡s mined from the surface, a 
process called z/z7ø ø7zø, there are fewer occupational hazards, but the trade- 
ofF is that whole ecosystems are destroyed. Although strip mining ¡s initially 
cheaper than digging, the cost of restoring the ecosystem can be prohibitive. 
Despite these drawbacks, coal reserves remain abundant, and so close to 60 per- 
cent of the electric power generated in the United States comes from coal-fired 
plangs. 

There are several ways to make burning coal a cleaner process. The coal can 
be purifed before it is burned, pollutants can be filtered out after combustion, 
or the combustion process can be modifed so that it is more efficient and fewer 
pollutants are produced. 

Purifying coal prior to combustion usually involves pulverizing the coal and 
mixing it with detergents and water, as is demonstrated in Eigure 19.7. The den- 
sity of coal ¡s lower than the density of any of its mineral impurities. ÁA proper 
adjustment of the solutions density therefore allows the coal to Ẩoat to the surface, 


FIGURE 19.6 


Coal miners In Pennsylvania in 


the 1930s. 


FIGURE 19.7 


Pulverized coal ñoats on water, 


- butimpurities sink. Thịs differ- 


ence in densities allows for a sim- 
ple and efficient means of 
purifying coal before it is burned. 


644 7 CHAPTER19 ENERGY RESOURCES 


Scrubbed gas to atmosphere | 


where It is skimmed off, while the impurities sink to the bot- 
_ tom. This method of purification, called /løzz/Zøø, adds further 
cost to the coal, which ¡s already expensive because of the hiph 
mining and shipping costs. Nonetheless, fotation ¡is successful 
.__ atremoving most ofthe coals mineral content, including up to 
90 percent of the iron sulñde. Large quantities of sulfur stilÏ 
remain chemically locked in the coal, however. Th¡s sulfur can 
| be removed only after combustion. Most coal-fired utilities 
-__ today remove any sulfur dioxide created when coal is burned by 
directing gaseous effuents into a scz#ðøz, 1llustrated in Figure 
19,8. Within the scrubber, the efluents come in contact with a 
-__ slurry of limestone, CaCO:. Úp to 90 percent of the sulfur 


Spray tower 


—=——>CaSO,,to dioxide ¡s removed as it reacts with the limestone to form solid 
. .__ calcium sulfate, CaSO„, which ¡s readily collected and sent to a 
isposal site 


SOz-containing——> 
effluents from 
coal-fired 
power plant 


FIGURE 19.8 


A scrubber is used to remove 
most of the sulfur dioxide created 
when coal ¡s burned. 


solid-waste disposal site. 

As a result of fotaton and scrubbing technologies, sulfur 
dioxide emissions have decreased by 30 percent over the past 
20 years, despite a 5Ö percent Increase in the use of coal. This 
1s promising, but given our dependence on coal, there ¡s still 
plenty ofroom for improvement. For example, nitrogen oxide 

emissions have remained relatively constant. AÏso, equipping a 
coal-fred power plant with a scrubber reduces the efficiency at which the coal 
energy Is converted to electrical energy from 37 percent to 34 percent. 

Fewer pollutants and greater efficiencies are achieved by redesigning the com- 
bustion process. In conventional power plants, pulverized coal is burned ¡in a 
combustion chamber, where the heat vaporizes water in steam tubes. Newer 
chambers send jets of compressed air into the pulverized coal, and as a result the 
coal becomes suspended as it burns. This allows the coal to burn more efficiently 
and also provides a better transfer of heat from the coal to the steam tubes. 
Because air-suspended coal burns more efficiently, lower temperatures can be 
maintained, resulting in a tenfold decrease in nitrogen oxide emissions. (Recall 
from Chapter 17 that nitrogen oxides form as atmospheric nitrogen and oxygen 
are subjected to extreme temperatures.) Air-suspended coal can be burned in the 
presence of limestone, which removes more than 90 percent of the sulfur diox- 
ide as it forms, thus avoiding the need for a scrubber. Cleaned of sulfur and 
nitrogen oxides, the hot, pressurized effuent can be directed into a gas turbine 
that generates electricity in tandem with the steam turbine. Overall, this system 
converts coal energy to electrical energy with an efficiency ofabout 42 percent. 

More efficient combustion is one possible future for coal. Another and more 
hopeful future involves treating coal with pressurized steam and oxygen, a process 
that produces clean-burning fuel gascs such as hydrogen, H;. These futures for coal, 
however, are only short-term. Like all other fossil fuels, coal is a nonrenewable 
energy source, and ¡t wilÏ not be with us for the long haul ¡Ýwe continue to burn ít. 


What is the major advantage of using coal as an energy source? 


Was thỉs your answer? Coal is relatively abundant, which means ït can be 
used as an energy source for many years to come. 


PETROLEUM IS THE KING OF FOSSIL FUELS 

The energy content of the coal reserves in the United States far exceeds that of 
the fossil fuel reserves ofall Middle East nations combined. hy, then, does the 
United States import so mụuch petroleum from these nations The immediate 
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answer 1s because petroleum is a liquid, and liq- 
uids are far more convenient to handle in bulk 
quantities. 

Consider, for example, that because petroleum 
is a liquid, ít is casy to extract from the Earth. 
Punch a hole in the ground in the right place, and 
up ItL comes—no underground mining necessary. 
Being a liquid, petroleum ¡s also easy to transport. 
Huge oil tankers easily load and unload liquid 
petroleum, as shown in Figure 19.9. On land, 
petroleum can be pumped vast distances via a net- 
work of pipelines. Coal, on the other hand, must 
be dug out of the ground with heavy machinery 
and shipped as solid cargo, usually aboard trucks or 
freipht trains. 

Petroleum is also versatile. Ít contains all the commercially important hydro- 
carbons, such as those that make up gasoline, diesel fuel, Jet fuel, motor oil, 
heating oil, tar, and even natural gas. Using fractional distillaton (Secton 12.1), 
oil relneries can convert one type of petroleum hydrocarbon to another, thereby 
tailoring their output to ft consumer demand. Furthermore, petrolceum con- 
tains much less sulfur than does coal and so produces less sulfur dioxide when 
burned. So, despite its vast coal reserves, the United States has a royal thirst for 
petroleum, the king of fossil fuels, consuming about 20 million barrels cach day. 
Thịs is about LT liters per U.S. citizen per day. 

Of the 20 million barrels of petroleum consumed cach day in the United 
States, 19 million ¡s burned for energy. The remaining I million is used to pro- 
vide raw material for the production of organic chemicals and polymers. Thus 
only one-twentieth of the hydrocarbons consumed daily goes Into useful mate- 
rials. The rest is burned for energy and ends up as heat and smoke. 


NATURAL GAS IS THE PUREST FOSSIL FUEL 
Natural gas is a component of petroleum, but there are also vast deposits of Íree 
natural gas in underground geologic formations. The natural gas in these deposits 
can be collected and stored ¡n tanks like the ones shown ¡in Figure 19.10. 
Natural gas burns more cleanly than petroleum and much more cleanly than 
coal. This purest of fossil fuels contains negligible quantities of sulfur; hence, 
insignificant amounts of sulfur dioxide are produced. Also, because natural gas 
burns at lower temperatures, only small amounts oŸ nitrogen oxides are released. 
Perhaps most important, however, is that øenerating energy from natural gas 
produces less carbon dioxide—about halfas much as is produced from burning 
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FIGURE 19.9 


Petroleum Is easily and cheaply 
transported because it is a liquid. 


_= In the 195sos, petroleum geologist 


M. King Hubbert used data about 
known and projected petroleum 
reserves in the United States to 
predict that U.S. oil production 
would peak ïn the earÌy 197os. In 
1971,Hubbert's prediction came 
true. Applying Hubbert's meth- 
ods to known and projected 
world oi reserves strongly sug- 
gests that world oïl production 
wïll have peaked before 2o1o. This 
peak ïn world oi] production is 
known as Hubbert's Peak. It tells 
us that as world oil production 
continues to decline, the price of 
oïl and oil-based products, such 
as plastics and gasoline, wil] rise 
exponentially. 

MORE TO EXPLORE: 
Hubbert's Peak 
Www.princeton.edu/hubbert 


FIGURE 19.10 


Natural gas is stored in large 
spherical tanks because this shape 
holds the greatest volume for a 
given amount ofcontainment 
material. 
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FIGURE 19.11 


- lÝyou use gas and it is stored out- 
side your home In a pressurized 
tank, you are using propane. [f 
there is no tank outside your 
home, you are using methane. 


coal. Because it is a gas, however, this fossil fuel is cumbersome to Isolate and 
transport. Also, Its natural abundance is not much greater than that of petro- 
leum. Therefore, we cannot rely on natural gas for meeting our long-term 
energy needs. Experts suggest, however, that switching to natural gas as much 
as possible may buy time and protect the environment until technologies for 
nonfossil energy sources are perfected and made compcetitive. 

Another advantage of natural gas is that it can be used to generate electricity 
with great efficiency. With a steam turbine, fossil fuel is burned in a boiler to 
produce steam, which runs the electricity-gencrating turbine, as shown in 
Eigure 19.1. Such a system burning natural gas to boil the water produces elec- 
tricity with an efficiency of about 36 percent, comparable to the 34 percent 
efficiency attained using coal. However, as mentioned in Section 19.1, the lat- 
est development in turbine technology is the øs 77, in which the step of 
converting water to steam ¡is eliminated. Instead, the hot combustion products 
of natural gas are what drive the paddle wheels of the turbine. In addition, the 
exhaust from the gas turbine ¡s suffiicientdly hot to convert water to steam, 
which is then directed to an adjacent steam turbine to øenerate even more eÌec- 
tricity. This system of using a øas turbine in tandem with a steam turbine can 
produce electricity with an efficiency as hiph as 47 percent. Even higher effi- 
ciencies can be attained by chemically converting natural gas to molecular 
hydrogen, H;, which can be used to generate electricity in fuel cells, discussed 
in Section l1.3. 

There are two types of natural gas supplied tO COnsumers, one containing 
primarily methane, CH¿, and the other containing primarily propane, C,Hạ. 
Methane ¡is lighter than air, which makes ¡t relatively safe to deliver tonich a 
network of pipes extending throughout a municipality. [fa leak occurs, the 
methane merely rises skyward, minimizing the fire hazard. Propane ¡is heavier 
than air and readily liquefes under pressure. Because of these properties, 
propane ¡is best stored as a liquid in pressurized tanks like the one shown in 
Eigure 19.11. Propane tanks are used in areas not connected to municipal gas 
lines and require periodic filling. 


ÔN CF ECK 


Of the three forms of fossï] fuels, which is most abundant worldwide? 
Which burns most cleanly? Which is the easiest to transport? 


Were these your answers? Coal ¡is the mmost abundant. Because ït contains 
few impurities, natural gas burns most cleanly. Because ït is a ]iquid, petro- 
leum ïs easiest to transport. 


* 19.3 There Are Two Forms of Nuclear Energy 


Figure 19.12 summarizes the two forms of nuclear energy. Cne form ¡s 
nuclear fission, which involves the splitting apart of large atomic nuclei, such as 
uranium or plutonium. The other ¡is nuclear fusion, which involves the combin- 
¡ng of two small atomic nuclei, such as deuterium and tritium, Into a single 
atomic nucleus, helium. All nuclear power plants to date use nuclear fssion. 
These plants produce electrical energy without emitting any atmospheric pollu- 
tants. For a review of the concepts underlying nuclear fission and fusion, see 
Chapter 4. In this section we discuss some of the social and technological issues 
related to nuclear energy. 
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NUCLEAR FISSION GENERATES SOME OF OUR ELECTRICITY 

Nuclear ñssion energy for the commercial production of electricity has been 
with us since the 1950s. In the United States, about 20 percent of all electrical 
energy now originates from 103 nuclear fission reactors situated throughout the 
country. Other countries also depend on nuclear ñssion energy, as is shown in 
Eigure 19.13. Worldwide, there are about 442 nuclear reactors in operation and 
29 currentÌy under construction. 
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- Nuelear ñssion involves the split- 
_ ttng apart of large atomic nuclel. 
- Nudlear fusion involves the com- 
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Ing together of small nuclei. 


FIGURE 19.13 


Percentage of electricity gener- 
ated from nuclear fission reactors 


_ 1n selected countries. 
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FIGURE 19.14 


Yucca Mountain in Nevada ¡s a 
promising site for a permanent 
repository for nuclear wastes. 
Exploratory tunnels have already 
been drilled, and extensive tests 
are underway. 


Countries turning to nuclear fission cnergy havc decreased their dependence 
on fossil fuels and have diminished their output ofcarbon dioxide, sulfur oxides, 
nitroeen oxides, heavy metals, airborne particulates, and other pollutants. Money 
that would have been spent on foreign oil payments has been saved. Ít is esti- 
mated, for example, that nuclear Íission energy has saved the United States 
$150 billion in foreign oil payments. 

WWithout an enormous and concerted conservation effort, the world enerey 
demand is going to increase, especially ¡n lipht of growing populations and the 
dire need for ecconomic growth in developing countries. Should nuclear energy 
production come to a standstill, allowing fossil fuels to accommodate this 
increased energy demand? Or should we continue to operate existing nuclear 
power plants=and even build new ones—until the aÌlternative sources of energy 
discussed later in this chapter become feasible on a large scale Nuclear advo- 
cates suggest a fivefold increase in the number of nuclear power plants over the 
next 50 years. They argue that nuclear ñssion is an environmenrally friendly 
alternative to increased dependence on fossil fuels. 

In the United States, however, the public perception of nuclear energy Is less 
than favorable. There are formidable disadvantages, including the creatlon of 
radioactive wastes and the possibility ofan accident that releases radioactive sub- 
stances into the environment. In rebuttal, advocates point out that we cannot 
insist that nuclcar ñssion energy be absolutely safe while at the same time accept 
tanker spills, global warming, acid rain, and coal-miner diseases. 

So how much radioactive waste is there? According to the U.S. Department 
of Energy, there is on the order of 40,000 tons of spent nuclear fuel rods stored 
at r€aCtOr sites around the nation, and this amount continues to grow by about 
2000 tons cach year. The military 1s also a sipnificant source of radioactive wastes. 
Holding tanks at the Hanford nuclear weapons plant in the State of Washington, 
for example, contain about 200 million liters of hiphly radioactive wastes. The 
general consensus among scientists is that our radioactive wastes are best handled 
by storing them ¡in underground repositories located in geologically stable regions. 
WWater seeping into such a repository, however, could greatly accelerate the corro- 
sion of casks housing the radioactive wastes. Therefore, an 
effective repository should also be relatively void of water 
and placed hundreds of meters above any water table. 

To date, no long-term repositories are in operation 
anywhere in the world, primarily becausc few, IÝ any, 
communities want such a repository in their “backyard.” 
Furthermore, once a potential site gets chosen, extensive 
and time-consuming evaluations are necessary. For exam- 
ple, tests at a promising site beneath Yucca Mountain in 
Nevada, shown in Figure 19.14, have been going on since 
1982. In 2002, President George W. Bush gave his 
approval to the site. Ifapproval is upheld, a network of 
tunnels 150 kilometers in combined lensth could accom- 
modate 70,000 tons of radioactive wastes. Signs of water 
seepage, however, raise concerns that this site 1s less than 
idcal. If so, what then? Because of the dificulty in ñnd- 
¡ng locations and the costs involved, Yucca Mountain 1s 
currently the only site under consideration ¡in the United States. 

In addition to generating radioactive wastes, nuclear power pÏlants pose the risk 
of having an accident in which radioactive material ¡s released into the environ- 
ment. The safety design ofa nuclear power plant, however, has great bearing on 
the risks associated with øeneratine nuclear fñission energy. In 1979, a nuclear reac- 
tor at a facility on Three Mile Island, near Harrisburg, Pennsylvania, heated to the 
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point that the reactor core began to melt. No appreciable radioacuvity leaked into 
the environment because the core was housed in a containment building (shown 
in Figure 4.27). Seven years later, in 1986, a total meltdown occurred at the 
nuclear power plant shown in Figure 19.15, the Chernobyl plant in what is now 
Ukraine. Notably, the reactor core of the Chernobyl plant was not buiÏt and oper- 
ated in accordance with internationally accepted nuclear safety princIples. For 
example, the medium used to control the fission reactlons was graphite, which 
loses its ability to control the reactions as the core temperature rises. AÏso, the reac- 
tor was not housed in a containment building. Because there was no containment 
building, large amounts of radiation escaped into the cnvironment. 

Risk analysis of all nuclear power plants operated according to internationally 
accepted safety standards indicates that one significant release of radioactive matc- 
rial Írom one of these plants can be expected every 200 years. l\ecent technological 
advances, however, hold the promise of lowering this rate considerably. The new 
Generation IV plant designs discussed in Chapter 4 involve smaller reactors that 
generate between 155 and 600 megawatts of power rather than the 1500 megawatts 
that is the usuaÏ output oFtodayS reactors. Smaller reactors are easier to manage and 
can be used in tandem to build a generating capacity suited to the community 
being served. Perhaps most significantly, as breeder reactors they can be run using 
uranium isolated from spent nuclear fuel otherwise destined for long-term burial. 

Significant advances have also been made in reactor safety. Earlier reactors rely 
On a series Of actIve measures, such as water pumps, that come ¡into play to keep 
the reactor core cool in the event of an accident. A major drawback ¡s that these 
safety devices are subject to failure, thereby requiring backups and, in some cases, 
backups to the backupsl The Generation IV reactor designs provide for what is 
called pzsz7øe s⁄zÙ//ry, in which natural processes, such as evaporation, are used 
to keep the reactor core cool. Furthermore, the core has a negative temperature 
coefficient, which means the reactor shuts itself down as its temperature rises 
owing to a number of physical effects, such as any swelling of the control rods. 

The percentage of the world electricity produced by fission reactors in 2005 
stood at about 16 percent. Without major efforts to replace aging plants, the 
International Atomic Energy Agency projects that by 2020 nuclear reactors wilÏ 
account for as little as 9 percent of the world's electricity generation. This poses 
a tough dilemma because projections are that by 2020 the worlds electrical 
needs will have increased by about 75 percent, as indicated in Figure 19.16. If 
nuclear fission energy is phased out, what wilÏ replace it? This question is oỂ par- 
ticular concern when viewed ¡in the context of the Kyoto Protocol, an agree- 
ment among some 160 nations that by 2012 they will have reduced their 
emissions of greenhouse gases back to or below 1990 levels. 


World Electricity Generation 


Source Percent 
Nuclear 16% 
Coal 40% 
Gil 10% 
Natural Gas 15% 
Hydroelectric 17% 


Other 2% 


wWww.world-nuclear.org 
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In 1986, a meltdown occurred at 
this nuclear power plant in Cher- 
nobyl, Ukraine. Because there 
was no containment building, 
large amounts of radioactive 
material were released into the 
environment. TÌhree people died 
outright, and dozens more died 
from radiation sickness within a 
few weeks. Ihousands who were 
exposcd to hiph levels of radia- 
tion stand an increased risk of 
cancer. Ioday, 10,000 square 
kilometers of land remain con- 
taminated with high levels of 
radiation. 


Association: “During the next 
5O years, as Earth's population 
expands from 6 billion toward 
9 billion, humanity wiÏlÌ consume 
more energy than the combined 
total used ïn all previous history. 
With carbon ernissions now 
threatening the very stability of 
the biosphere, the security of our 
WorÌd requires a massive trans- 
formation to clean enerdgy. 
'Renewables”like solar, wind and 
biomass can help. But only 
nuclear power offers clean, envi- 
ronmentally friendÌy energy on a 
mnassive scale.” 

MORE TO EXPLORE: 
World Nuclear Association 
WWw.wor]d-nuclear.org/ 
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- Tortal worldwide electricity con- 
- sumption projected throueh the 
year 2020. 
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_= Small-scale, tabletop nuclear 
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fusion devices, known as com- 
pact accelerator neutron genera- 
†ors, are routinely used as a 
source of neutron radiation. By 
design, however, these devices 
consume more energy than they 
release. The beam of neutrons 
generated by these devices can 
be used to identify the elernental 
composition of a material. The 
coal industry uses such beams to 
measure the sulfur content of 
coal in real time as the coal 
mmoves over conveyor belts. The 
cement industry similarly uses 
these beams to judge the quality 
of cement mixes. These fusion- 


generated neutrons are also used 


†o identify the elemental compo- 
sition of nuclear wastes and for 
the detection and identification 
of explosives. 

MORE TO EXPLORE: 
WWw.aïp.org/tip/INPHFA/ 
vol-o/iss-6/p22.html 
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History 


Other sources : 
If Nuclear Ï 


What ïs the major disadvantage of nuclear fission as an energy source? 


Was thỉs your answer? Nuclear fission reactors generate large amounts of 
radioactive wastes that require permanent, large-scale storage facilities. 


NUCLEAR FUSION IS A POTENTIAL SOURCE OF CLEAN ENERGY 


A potential major source of energy for the mid- to late-21st century ¡s nuclear 
fusion. In today experimenral fusion reactors, deuterium and tritium atoms 
(both isotopes of hydrogen) fuse to create helium and fast-fying neutrons. The 
neutrons escape from the reaction chamber, carrying with them vast amounts of 
kinetic energy. 

Two positively charged hydrogen nuclei do not just willingly come together, 
however, because there is a powerful electric force of repulsion to be overcome. 
In Section 4.10, we discussed one possible method for fusing hydrogen nuclei: 
laser confnement, which involves dropping pellets of deuterium and tritium 
into the crossfire of powerful lasers that squeeze the fuel to a density 20 times 
that of lead. Another technique is magnetic confnement, which involves bring- 
¡ng nuclei to star-hot temperatures (about 350 million degrees Celsius) so that 
they are moving so fast that their inertia brings them into contact with one 
another and they fuse. Becausc the star-hot deuterium and tritium fuels are fully 
Ilonized, they can be contained by strong magnetic fields. For both systems, 
energetic neutrons escape into a surrounding “blanket” that absorbs heat that 
can be used to create either steam or hot ionized gases for generating electricity. 

Fusion has already been achieved ¡n several devices, but not beyond the 
break-even point, where the amount of energy produccd ¡s the same as the 
amount consumed. Much basic research ¡s suilÏ required and ¡s the focus of a 
number of international collaborative efforts. As discussed in Chapter 4, fore- 
most among these efforts is the International Thermonuclear Experimental 
Reactor (TER), which will be a scale-up of the Princeton Iokamak Fusion Test 
Reactor shown in Eigure 19. L7. 

Fusion energy offers a number of advantages over all other energy sources, 
including ñssion. Fusion reactors do not produee air pollutants that contribute 
to global warming or acid rain. The deuterium fuel they use is available in essen- 
tially unlimited supply from seawater, and tritium can be generated on-site as 
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(a) (b) 


part of the fusion process. Lastly, the amounts of radioactive wastes produced 
are much smaller than the amounts produced by fission reactors. 

One important possible drawback for fusion power ¡Is that the cost of build- 
¡ng fusion facilities may well exceed the value of the returns. Scientists already 
know that a fission facility generally needs to be operating for about 20 years 
before Investments are recovered. Because fusion power is necessariÌy more com- 
plex, the time span for ñnancial recovery ¡s likely to be much longer. Thus, only 
the most developed nations may be able to afford nuclear fusion power pÏlants— 
and not so many at that. Meanwhile, demographers tell us that the greatest 
energy needs in the future will be in rapidly growing developing natons. So 
despite the potential technical advantages of fusion power, on a social level its 
development may widen the gap between the haves and have-nots of this world. 


cK 


How many nuclear fusion plants are generating electricity for communities 
today? 


Was thỉs your answer? Because there are mmany technical hurdles yet to be 
overcome in building fusion plants, there are currently none in operation. 


* 19.4 What Are Sustainable Energy Sources? 


he fossil fuels currently available to us are limited. Ất present rates of con- 
sumption, known recoverable oil and gas reserves will disappear by the end 
of the century and coal reserves several centuries after that. Furthermore, burn- 
¡ng fossil fuels adds undesirable amounts of greenhouse øases to the atmospherc. 
Nuclear fission reactors do not emit øreenhouse øases, but they eenerate massive 
quantities of radioactive wastes. Nuclear fusion reactors offer many potential 
benefits, but it may take many decades before they are both technologically and 
economically feasible. So what do we do? 


FIGURE 19.17 


(a) An interior view of the Toka- 
mak Fusion Test Reactor at the 
Princeton Plasma Physics Labo- 
ratory. Magnetic fñelds confne a 
fast-moving plasma to a circular 
path. At a hiph-enough tempera- 
ture, the atomic nuclei in the 
confned plasma fuse to produce 
energy. (b) Á cross-sectional view 
of the [TER (rhymes with “ft- 
ter”) planned to be built and 
operating in Cadarache, France, 
before 2020. 
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ENERGY RESOURCES 


WWhat we uÏtimately need are szs⁄2/7⁄/zenergy sourccs and we need acc€ss to 
those sources as soon as possible. The ideal sustainable energy source 1s one that 
is not only inexhaustible but also environmentally benign. The nuclear fusion 
reactor has the potential to become an excellent sustainable energy source, but 
the ultimate source of sustainable energy ¡s the nuclcar fusion that goes on 
within our sun. Other astronomical sustainabÌe energy sources we can tap Into 
include the warm interior ofour own Planet Earth, as well as tidal forces result- 
¡ng from the close proximity of the moon. For the remainder of this chapter, we 
discuss various technologies that allow us to tap Into these solar-system-sized 
energy SOUTC€S. 

Switching to sustainable energy sources wilÏ require commitment from the øen- 
eral public. Perhaps the largest obstacle to changing publlc attitudes Is the present 
abundance of fossil fuels, which are so packed with energy and so incredibly con- 
venient to burn. Ín a natlonal survey of public attitudes conducted by the U.S. 
Department of Energy, however, sustainable sources were the most desirable form 
ofenergy by far. But can people put their money where their hearts are? Fortunatcly, 
technologies are progressing rapidÌy, and sustainable energy sources will eventually 
cost the consumer less. This ïs a critical point because in a market economy, it Is Tạ 
dollar that speaks. Lets take a look at what some of the major aÌternative sustain- 
able energy technologies have to offer as welÏ as some of their potential drawbacks. 


“*€hEcK 


What ïs a sustainable energy source? 


| Was this your answer? A sustainable energy source is an energy source that 
has the potential for beïng available ïndefinitely. The technologies that take 
advantage of these sources should be environmertally benign. 


® 1g.s. Water Can Be Used to Generate Electricity 


ater power originates from one of three sources: the sun, Earths hot 

interior, or the moon. As you read the following descriptions of meth- 
ods we use to harness energy from water, trace the energy to one of these three 
SOUTC€S. 


HYDROELECTRIC POWER COMES FROM THE KINETIC ENERGY 
OF FLOWING WATER 


WWater flowing through a hydroelectric dam rotates a turbine that spins an elec- 
tric øenerator to produce electricity, as Figure 19.18 ¡llustrates. In a modern 
facility, the eficlency with which kinetic energy ¡s converted to electrical energy 
can be as high as 95 percent, which translates to low costs for the consumer. 
Hydroelectric power is clean, producing no pollutants such as carbon dioxide, 
sulfur dioxide, and other wastes. The source of this power ¡s the sun, which 
transports water to mountain altitudes by way of the hydrologic cycle. Hydro- 
electric power is the most widely used sustainable energy source ¡in the United 
States, supplying about 10 percent of our electricity needs. In developing coun- 
tries, hydroelectric power supplies about 30 percent of all electricity needs. 
Thhere is great potential for increasing the output of hydroelectric power, 
bụut not by building more dams. Only 2400 of the 80,000 existing dams in the 
United States are used to generate power. Many of these “untapped” dams 
could be fitted with turbines and generators. Furthermore, most hydroelectric 
dams in the United States were built in the 1940s, when equipment was not 
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Power lines 


Falling water 
pushes against 
turbine. 


as eflcient as it is today. New technologies can allow these older pÏants to 
operate more efficiently, producing more electricity. The U.S. IDepartment of 
Energy estimates that a l percent improvemenrt ¡in the efficiency of existing 
U.S. hydropower plants would produce enough power to supply 283,000 
households. 

Hydroelectric power plants may be pollutant-free, but for the local envi- 
ronment around the dam, there are surely consequences (Eigure 19.19). Fish 
and wildlife habitats are signifiicantly affected. One tragic consequence of 
some dams is that they prevent fish from reaching their spawning grounds; 
therefore, ñsh populations decline. To address this concern, many dams have 
been retroftted with ñsh “ladders” that are supposed to encourage upstream 
migratlon to spawning grounds. The success of these ladders has been limited, 
however. Reservoirs created by dams tend to fiÏ with siÌt, affecting water qual- 
iry and limiting the lifespan of the dam. Furthermore, dams detract from the 
natural beauty oŸa river, and in many cases, valuable downstream cropland is 
lost or disrupted. Dams also need to be welÏ maintained and inspected regu- 
larly to minimize the potential of a break, which would lead to catastrophic 
fooding. 


TEMPERATURE DIFFERENCES IN THE OCEAN 
CAN GENERATE ELECTRICITY 


There is always a difference between the temperature of surface seawater (warmer) 
and the temperature of deep seawater (colder). A process known as øc¿2/ #er72/ 
££rey cozuers¿on (OTEC) exploits this difference to produce electricity. As shown 
in Eigure 19.20, warm surface water is used to boil a liquid that has a low boiling 
point, such as ammonia. The resulring high-pressure vapor pushes against the tur- 
bine, and the movemenr of the turbine generates electricity. After passing throuph 
the turbine, the vapor enters a condenser, where it is exposed to pipes containing 
cold water pumped up from great ocean depths. As its temperature drops, the 
vapor condenses to a liquid, which ¡s recycled through the system. 

OTEC ¡s limited to regions where differences between ocean surface tempera- 
tures and deepbwater temperatures are greatest. Fleets of foating offshore rigs have 
been proposed, with the electricity generated used to produce transportable 
hydrogen fuel made from seawater. Qnshore TI'EC plants are best suited for 
islands, such as Hawaii, Guam, and Puerto Rico, where deep waters are relatively 


FIGURE 19.18 


An overview of a hydroelectric 


dam. 


FIGURE 19.19 


The Three Gorges Dam under 
construction ¡n China. The Chi- 
nese øovernment estimates ¡t wiÏÏ 
spend about $25 billion to build 
what will be the worldS largest 
hydroelectric project. hen com- 
pleted ¡in 2009, the dam will 
extend 2.2 kilometers across, 
crcating a reservoir that will be 
600 kilometers long and will have 
displaced close to 2 million peo- 
ple from their homes and altered 
the natural habitat of the soon-to- 
be-extinct Chinese river dolphin 
(as of2005 only about 5 individ- 
ual dolphins remain). The capac- 
ity of the dam will be on the 
order of 19,000 megawatts. This, 
combined with another 82,000 
megawatts from other current 
hydroelectric projects, wiÌÏ pro- 
vide an estimated 30 percent of 
the country5 electricity. 
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FIGURE 19.20 


An ocean thermal energy conver- 
sIon operation. 


FIGURE 19.21 


(a) An aerial view of The Natural 
Energy Laboratory of Hawali— 
the worlds ñrst TEC facility— 
located oceanside of the 
Kona-Kailua airport. (b) The ver- 
tical axis turbine of the TẤTEC 
facility. The vapor-to-liquid heat 
exchanger 1s seen to the right. 


@) Warm surface water is used 
†o vaporize ammonia. 


High-pressure 
ammonia vapor 


@) Vapor pushes against turbine. 


'Warm surface water 


close to shore. The worlds ñrst ẤEC plant, shown in Eigure 19.21, has been 
running in Hawaii since 1990, producing about 210 kilowatts of electricity. 
Most of this electricity 1s used by a local aquaculture industry, which uses the 
nutrient-rich deep occan water piped by the OTTEC unit to breed specialty ñshes 
and crustaceans for the U.S. and Japanese markets. [nterestinely, the piped cold 
water is also used to air-condition the OTEC offices and laboratories. 


GEOTHERMAL ENERGY COMES FROM EARTH'S INTERIOR 


EarthS interior ¡s quite warm because of radioactive decay and gravitational 
pPressures. In some areas, the heat comes relatively close to Earths surface. When 
this heat pokes through, we see ït as lava from a volcano or steam from a geyser. 
Thịs ¡is øƒø/2ez7z2/ eøerey, and ït can be tapped for our beneft. Figure 19.22 
shows some areas in the United States that have geothermal activity. 
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Potential applications 


E] Electric generation 
LlDirect heat 


Hyhotberrmall enerey 1s produced by pumping naturally occurring hot water 
or steam from the ground. Ít is the predominant form of geothermal energy now 
being used commercially for electricity generatlon. Californians currently 
receive about 1000 megawatts from hydrothermal power plants operating in a 
region known as the Geysers, a large steam reservoir north of San Francisco. 
There are 45 hydrothermal power plants in the United States, and many more 
in Iraly, New Zealand, and Iceland. The present generating capacity of alÏ 
hydrothermal power plants worldwide ¡s about 7000 megawatts; one installa- 
tion ¡is shown ¡in Eigure 19.23. 

Hydrothermal plants produce electric power at a cost competitive with the 
cost of power from fossil fuels. Besides generating clectricity, hydrothermal 
energy is used directly to heat buildings. Across the United States, geothermal 
hot-water reservoirs are much more common than geothermal steam reservoïrs. 
Most of the untapped hot-water reservoirs are in California, Nevada, Utah, and 
New Mexico. The temperatures of these reservoirs are not hot enouph to drive 
steam turbines efiiciently, but the water is used to boiÏ a secondary Ñuid, such as 
butane, whose vapors then drive gas turbines. 


FIGURE 19.22 


Regions of the United States 
where the prospects for geother- 
maÌ energy are greatest. 


FIGURE 19.23 


About 50 percent of the electric- 
Ity generated ¡n lceland ¡s from 
øeothermal sources. This ¡s the 
Blue Lagoon, a warm pool cre- 
ated from the effluent of the 
hydrothermal power plant visible 
¡n the background. 
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.=m As ]little as 5 múeters below Earths 
surface, the temperature 
remains nearÌy constant year- 
round. In New England, for exarn- 
ple, the ground at this depth 
remains at about 8°C (46 °F). Dur- 
ïng the winter, ground water can 
be pumped into a basement heat 
exchanger, where it causes a low- 
boïling material, such as freom, to 
evaporate. This cools the water 
down to about 4°C (3ø”F) but 
adds energy to the freon. The 
gaseous freon is then pumped to 
a network of baffles, where it con- 
denses, releasing this heat to a 
second system of water that is 
piped through the floors of the 
house. Repeated cycles of the 
heat exchanger can warm the 
second system of water to up to 
5©°C (12o”F), which ïs sufficient to 
keep the house toasty warm 
through the winter. This variation 
of geothermal energy is applica- 
ble to nearly any home or busi- 
ness with a backyard. The source 
of the energy is actually solar. 
Can you figure out why? 

MORE TO EXPLOKRE: 
Geothermal Heat Pump 
Consortium 
WWW.geoexchange.org/ 
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Hot dry-rock enezey, another form of geothermal energy, involves using 
hydraulic pressure to open up a large reservoir deep underground. Liquid water 
1s inJected into the reservoir, heated by the hot rock, and then brought back to 
the surface as steam to generate electricity. Cne test facility near Los Alamos, 
New Mexico, consists of wells drilled to a depth of 4 kilometers. 

Œeop7essuurezl br7zé, yet another form of geothermal energy, is extracted warm 
subterranean brine water that ¡is hiph ¡n dissolved methane. Deposits of this 
brine are found primarily along the coast of the GuÌlf of Mexico. The methane 
can be separated on-site and then used to heat the brine. Both these technolo- 
gies are suill largely developmenral. 

Geothermal energy is not without disadvantages. Few gaseous pollutants are 
emitted, but one ofthose pollutants is hydrogen sulfide, H;S, which smells of rot- 
ten egøs even at low concentrations. Also, water coming from ¡inside the Earth is 
often several times more saline than ocean water. This salty water is highly corro- 
sive, and its disposal is a problem. Furthermore, withdrawing water from geologi- 
cally unstable regions may cause land to subside and possibly trigger earthquakes. 


THE ENERGY OF OCEAN TIDES CAN BE HARNESSED 


The moon$ gravitational pulÏ on our planet is uneven. The side of Earth closest 
to the moon experiences the greatest pull, and the side farthest away experiences 
the weakest pull. The result of this uneven pull ¡s a subtle, planetwide elonga- 
tion ofour oceans. Ás the Earth spins underneath this elongation, Earthbound 
observers notice a perpetual rise and fall of sea level. These are our øce4 #7246, 
and they can be harnessed for energy. 

Tidal power is normally obrtained from the filing and emptying o£a bay or 
an estuary, which may be closed in by a dam. When tidal waters fow through 
the dam (ïn either direction), they causc a paddle whecl or turbine to rotate, and 
this motion øenerates electricity. 

The prospects for using tidal power on a large scale are not good. Ín order to 
be effective, the tides must be relatively great. This severely limits the number of 
potential sites worldwide. Furthermore, many of these potential sites are praised 
for their natural beauty. In such cases, public opposition to building a power 
plant would be strong. Nonetheless, tidaÏ power is an optlon some communi- 
ties may wish to consider. One successful site, located in Brittany, a region of 
France, produces about 240 megawatts of electricity. 


cK 


Of the forms of water power discussed ïn this section, which are solar ïn ori- 
gin? Which ïs lunar? Which is a result of Earth”s hot interior? 


Were these your answers? The energy obtained from dams, from ocean 
thermal energy conversion, and from a geothermal heat exchanger is solar 
because they alÌ involve water being warmed by the sun. Tidal energy ïs 
Tunar,and geothermail energy ïs the result of Earth's hot interior. 


* 1q.6 Biomass Is Chermnical Energy 


lants use photosynthesis to convert radiant solar energy to chemical 
energy. This chemical enerey comes ¡in the form of the plant material 
IrselF—biomass. Ñe can use the energy of biomass in two Ways: processing the 
biomass to produce transportable fuels, or burning the biomass at a properly 
equipped power plant to produce electricity. Biomass can be grown on demand 
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In rcgions where water supplies are abundanr. If biomass is produced at a sus- 
tainable rate, the carbon dioxide released when the biomass ¡s burned balances 
the carbon dioxide consumed during phorosynthesis. Biomass combustion 
products gencrally contain about one-third the ash produced by coal and about 
30 times less sulfur. 


FUELS CAN BE OBTAINED FROM BIOMASS 


The U.S§. transportation industry is 97 percent debendent on petroleum and 
consumes 63 percent of all petroleum stockpiles. Fuels from biomass, such as 
the alcohols ethanol and methanol, are natural alternatives to petroleum-based 
fuels. In fact, both these alcohols have a hipher octane rating than gasoline, 
which ¡s why they are the preferred fuels of race-car drivers. They were also the 
preferred fuels ofautomotive pioneers Henry Ford and Joseph Diesel, who orig- 
inally intended biofuels for their automobiles. Ethanol from fermented grains 
was about to be used by the automobile industry just prior to the passage of the 
19th U.S. Constitutional Amendment prohibiting its use. Prohibition allowed 
the petroleum industry to take over. 

Today in the United States, government programs requiring the addition of 
10 percent alcohol to gasoline are becoming widespread. You can recognize a 
service station selling øzsøbøŸby sipns such as the one shown in Figure 19.24. 
Ethanol, also known as @/ 2Ícobøj, can be prepared from the fermentation of 
food biomass—any grain will do, but simple carbohydrates such as sugars work 
best. Methanol, also known as 2ø0øøZ 2købøk can be obtained by heating woody 
biomass in the absence ofatmospheric oxygen. The methanol evaporates and is 
collected by distillation. The remaining undistilled plant matter produces a char- 
coal that ¡s the equivalent of sulfur-free coal. Furthermore, some important 
industrial chemicals, such as acetic acid, acetone, and hydrocarbon-based oils, are 
also produced. 

Ethanol ¡s currently the biofuel used most widely in the United States, 
accounring for nearly I percent of the nation5 transportation fuel needs. Pro- 
duction ¡is based in the Midwest, where about 400 million bushels of corn are 
fermented into more than 4 billion liters of ethanol annually. The country 
that has the largest program is Brazil, where cthanol is produced from the fer- 
mentation of sugar cane. The Brazilian program was an innovative response 
to the oil crisis of the 1970s. By 1989, some 12 billion liters of ethanol 
replaced almost 200,000 barrels of gasoline a day in approximately 5 million 
Brazilian automobiles. The program created 700,000 jobs and significantly 
improved air quality in polluted metropolises, such as São Paulo and Rio de 
Janerro. 

Ethanol from fermentation is relatively expensive because of the great ñnan- 
cial and environmental costs of growing food biomass, a process that requires 
vast amounts o£water and fertilizer. Ethanol derived from petroleum is actually 
less expensive. (But only because crude oil prices are kept artificially low. IÝ tax- 
payer subsidies, exemptions from paying for the environmental damage from 
mining and drilling, and the cost of military protection are factored in, the price 
of crude oil quadruples.) 

Methanol from biomass can also be costly because only relatively small 
amounrs oỂ it are produced throueh distillation. For this reason, most methanol 
today 1s produced from natural gas. The coal industry is even gearing up to 
produce methanol from its vast coal reserves. However, creatine methanol from 
coal produces more pollution than ¡s saved by burning the cleaner methanol. 

On the brighr side, technology 1s being developed for making fermentable 
sugars out of Ïow-cost woody feed stocks. Ethanol produced from such inexpen- 
sive sources would be greatly cheaper than gasoline. 
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= Does biomass sound reminiscent 
of fossil fuels? It should, because 
biomass is simply a fossil fuel 
without the fossil—dead plant 
material that has yet to tưm ïnto 
coal, petroleurmm, or natura] gas. 
Just about anything you can do 
with fossi] fuels, you can do with 
biomass, excep†, of course, 
deplete ït and create as mmuch 
pollution. 

MORE TO EXPLORE: 

National Renewable Energy 
Laboratory 
WWw.nrel.gov/biomass/ 


Gasohol ïs gasoline containing 
an alcohol additive. The alcohol 
provides an octane boost, allow- 
Ing an engine to run more efl- 
ciently with less pollution. If the 
alcohol ïs produced from bio- 
mass ørown within a nation, 
there ¡is the added beneft ofa 
reduced dependence on foreign 
oil. 
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_FIGURE 19.25 


- Since 1984, the Vermont Bio- 
mass Gasifiication Project has 
supplied more than 50 MỸ of 
electricity to the Burlington, Ver- 
mont, area. The eÌectricity is gen- 
erated by gas turbines powered 
by the combustion ofa øaseous 
fuel mixture created as wood 
chips are mixed with very hot 


sand (1000°C). 


BIOMASS CAN BE BURNED TO GENERATE ELECTRICITY 


Converting biomass to a transportable fuel ¡s an extra step that 
decreases energy cfficiency. Higher efficiencies are obrained by 
burning the biomass directly. In the United States, electricity 
produced from biomass has grown from 200 megawatts in the 
early 1980s to more than 8000 megawarts in 2000——a 4000 
percent increase. Estimates are that this will prow to about 
23,000 megawatts by 2020. Most biomass power is generated 
by paper companies and forest products companies, using 
wood and wood wastes as fuel. Municipalities are experiment- 
¡ng with solid-waste incinerators that provide electricity and 
waste disposal simultaneously. (Ôn average, about 80 percent 
of the dry weight of municipal solid waste is combusuble 
organic material.) 

The traditional approach to generating electricity from bio- 
mass is to burn the biomass in a boiler where water is converted 
to steam used to drive a steam turbine. Efficiencies can be more 
than doubled by fñirst converting the biomass to a øaseous fuel, 
which may be done by applying air and steam at high pressure. 
Alternatively, gaseous fuels are also produced by mixing the bio- 
mass with very hot sand, as ¡is done at the Vermont facility 
shown in Figure 19.25. The gaseous fuel is burned, and the hot 
combustion products are directed to a gas turbine that generates 
electricity. In addition, the exhaust gases from the turbine can be used to produce 
steam for industrial applications or for additional power generation. 


cK 
What do biomass and fossïl fuels have in common? 


Was this your answer? They both originate from solar energy. 


® 19.7 Energy Can Be Harnessed from Sunlight 


unlight can be used directly to heat our homes. Mirrors and lenses can con- 

centrate sunlight onto water to create steam for øenerating electricity. Sunlieht 
causes winds, which can drive electricity-producing wind turbines. With photo- 
voltaic cells, the energy of sunlight can be converted to an electric current. AÏÏ these 
methods ofharnessing energy from direct sunlight are advancing rapidÌy. In the near 
future, they will be cost-competitive with methods using fossil and nuclear fuels. 


SOLAR HEAT IS EASILY COLLECTED 


WWhether you live in a hot or cold climate, you can conserve energy by taking advan- 
tage of the suns rays. Heating water for bathing and washing dishes and clothes 
consumes a considerable amount ofenergy. A typical household uses about l5 per- 
cent of Its total enerøey consumption ¡n that way. Energy to heat water could just as 
well come from the sun as from the local electric power pÏant or natural øas supplier. 

A solar energy collector for heating water is not much more than a black 
metal box covered with a glass plate, as Figure 19.26 illustrates. Sunlipht passes 
throuph the glass and into the box, where ¡t is absorbed by the black metal, 
which becomes hot and so emits infrared radiation. Because gÌass Is opaque to 
infrared, these rays stay in the box and cause sipgnificant warming. Ñater passing 
through pipes in the box ¡s heated by this trapped warmth. 
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'Warm water 


< Black 
Cold water interior 


| (a) (b) 
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WWater that has passed through a series of collectors can be scalding hot. This 
water can be stored in well-insulated containers and used for all washing pur- 
pOses. Air passing over coils of solar-heated water becomes warm and may be 
used to heat buildings. Even in cold northern climates, more than 50 percent 
of all home heating could be obtained from solar collectors. Although 
installing them can be expensive, over time they pay for themselves with energy 
SavIngøs. 


SOLAR THERMAL ELECTRIC GENERATION PRODUCES ELECTRICITY 


A variety of technologies collectively known as sØ/7 /ð£r??4l electric gene?t7o1n 
can be used to produce electricity from sunlight. One technology involves 
pumping a synthetic oil through a pipe positioned near a mirror-coated 
troueh, as shown in Figure 19.27. The extremely hot oiÏl is then used to gener- 
ate steam in a steam turbine being used to generate electricity. This design ¡s 
currently being used in the desert regions of southern California, where more 
than 360 megawatts of electricity is produced at an operating cost ofabout 10 
cents per kilowatt-hour. A natural gas burner provides supplemental heat dur- 
ing periods of hiph demand or cloudy weather. 

A second technology involves a large array of sun-tracking mirrors focused 
so that the sun shines on the top ofa central tower, where the temperature 
soars to about 2200°C. Much of the solar heat 1s carried away by a molten saÌt, 


-FIGURE 19.26 


(a) A solar energy collector is cov- 
ered with glass to provide a 
greenhouse effect: sunlight pass- 
¡ng into the box is converted to 
infrared radiation, which cannot 
escape. (b) Most solar energy col- 
lectors are located on rooftops. 
The collectors are painted black 
to maximize the absorption of 
solar heat. The rooftop collector 
shown here is used for warming 
an outdoor swimming pool. 


A solar thermal electric- 
generation unit. Â pipe contain- 
¡ng synthetic oiÏ is posiioned 
along a mirror-coated trough. 
Sunlight hitting the mirror is 
relected onro the pipe and heats 
the oil to 370°C. The hot oil ¡s 
then pumped out and used to 
COTV€rt Water fO steam In a tur- 
bine in an electric power plant. 
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SOLAR POOL COVER 


2. Set all six bowls outside in the sun that are lightly overcast.) Take 
hịch type of cover best keeps (preferably before noon), and fill temperature readings every half 
the water ïn a swimming pool each with tap water to the brim. hour. Stir the water with the ther- 
warm? Companies claïm their Measure and record the tempera- mnometer before taking a reading, 

“solar pool covers” ïncrease the ture ïn each bowl. and always rinse the thermome- 
water temperature by as much as : ter after dipping ït ïnto the deter- 
1o°C above the average outdoortem-  3- COVeT Bụn Hà Bộ 2hêy alu- gent-containing water. Record 
erature. What is the best material BIIMPD (shiny side up), ĐI our đata, 
pP y 
from which to make a solar pool with the food wrap, one with the 
cover? Perform this simple activity bubble wrap (bubble side down), 6. Plot your data on a graph showing 
to fnữ n and one with the black garbage temperature on the vertical axis 
ỉ bag. Add several drops of liquid and time on the horizontal axis. 
WHAT YOU NEED detergent to the fifth bowl,and Alternatively, develop a bar graph 
v. : : don't do anything to the sixth showïng the rise in temperature 
5ix identical sơup bowls, aluminum bowl, which is your control. of the water in each bowl over 
foïl, colorless plastic food wrap, color- tinne: 
less plastic bubble wrap,blackplastc 4. The temperature ofthe water will 


Tise as the bowls sït in the sun, but 
because of the đifferent covers, 
the temperature increase wiÏ] vary 
from bowl to bowl. Guess which 
water will be warmest at the end 
of the experiment, which will be 
second warmest, and so on. 


garbage bag, liquid detergent, 
kitchen thermometer 


PROCEDURE 


1.. Cutone piece of aluminum foil, 
food wrap, bubble wrap,and 
garbage bag into a circle that 
completely covers the top ofa 
bowl, with 1 centimeter or so of 
overhand. 


5s. ._Allow the bowls to sit in the sun 
for at least 4 hours. (Good results 
can also be obtained with skies 


primarily sodium nitrate, NaNO;. The hot 
molten salt is piped to an ¡insulated tank 
where the solar thermal energy can be 
stored for up to 1 week. When electricity is 
necded, the salt is pumped to a conven- 
tional steam-generating system for the pro- 
duction of electricity. The molten salt 
recirculates to the central tower for reheat- 
¡ng. An ¡important advantage of this 
approach ¡s that the salt retains heat for a 
long time, which allows for the production 
of electricity even after the sun has set or 
during periods of ¡inclement weather. 
Figure 19.28 shows the ñrst commercial 
central-tower solar thermal energy plant 
installed in the Ủnited States. Located in 
Barstow, California, Ir started operating in 
1996 and generates about 100 megawatts of electricity. 


FIGURE 19.28 


- The Solar II power plant near 
Barstow, California. The central 
tower is more than 70 meters taÏÏ, 
and the sun-tracking mirrors 
cover a land area ofabout 8 acres. 


WIND POWER IS CHEAP AND WIDELY AVAILABLE 

Wind power is currently the cheapest form of direct solar energy. This is due, in 
part, to its simplicity—wind blows on a wind turbine, and the rotation of the 
turbine blades generates electricity. Most of the early development of wind 
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power took placc in California during the 1980s 
as a result of favorable tax Incentives. Costs were - 
relatively hiph because there was littlestandardiz- - 
¡ng ofprocedures and a lack ofexperlence In mass . 
production. TIoday, most of these problems have 
been resolved, and the reliability, performance, 
and cost of wind power have improved dramati- . 
cally, as the graph of Figure 19.29 shows. In | 
regions where wind speed averages 13 miles per - 
hour, for example, the operatine cost of wind- - 
generated electricity now stands at about 4 cents 
per kilowatt-hour. Unlike conventional energy . 
sources whose prices keep going up, the cost of ' 
wind energy has actually been coming down. . 
Within a decade it may well drop below Ï cent 
per kilowatt-hour, which ¡s signifiicantly cheaper 
than the cost of electricity from conventional sources such as coal. 

In 2005, the worldwide installed capacity for wind energy totaled about 50,000 
megawatts, which is exponentially øreater than the worldwide 1990 total of only 
2000 megawatts. For perspective, consider that the United States alone consumes 
energy at a rate ofabout 440,000 MW. So, wind energy ¡s stilÍ only a small per- 
centage ofthe toral, but it is clearly the fastest-øerowing sector of the energy industry 
(Figure 19.30). The American Wind Energy Association (AWEA) estimates that 
by 2020 wind power could supply at least 6 percent of U.S. electric power needs. 

As is shown in Figure 19.31, most of the wind resources in the United States are 
concenrrated in the northern Great Plains. The U.S. IDepartment of Energy esti- 
mates that more than all of the natlonS electricity needs could be met ¡f the wind 
in these states were fully exploited. Within a couple of decades, most wind-rich 
states of the Great Plains will likely exceed their demand for electricity and either 
export the excess or use it to create hydrogen fuel through the electrolysis of water. 

The maJor drawback to wind energy 1s aesthetic: wind turbines are noisy, and 
many people do not want to see them on the 
landscape. These objections need to be weighed 
against the benefit of reduced dependence on 
fossil fuels and the idea that if people are 
endeared to the classic windmills of Holland, 
then perhaps these new-age windmills mipht aÌso 
one day be looked upon as an attractive sign of 
prosperity (Figure 19.32). Fortunatcly, much of 
the wind-rich land in the United States is farm- 
land, and wind power and agricultural activities 
are compatible. At the Altamont wind farms in 
California, ranchers lost only about 5 percent of 
their grazing area. Their land prices, however, 
quadrupled because of royalties they receive from 
wind power companies using their land. 

For people who purchase small wind turbines 
for their home, unused electricity causes their elec- 
tric meter to run backwardsl As this happens, the 
wind-generated electricity becomes available for other people connected to the same 
grid. By law, utility companies are required to either purchase this electricity from 
turbine owners or provide credit on their electric bịll. In this way, turbine owners 
are able to “bank” the energy collected on windy days for use on days when the 
wind specd Is too low. 


FIGURE 19.29 


Wïnd ïs free, but building and 
maintaining the wind turbines 
that convert wind energy to elec- 
trical energy 1s not. ©ver the past 
20 years, the reliability and effi- 
ciency of wind turbines have 
improved, resulting in dramati- 
cally lower costs for electricity 
produccd from wind power. In 
the near future look for highly 
efficient vertical-axis wind tur- 
bines in which the blades rotate 
like a carousel. 


FIGURE 19.30 


| Abourt 4000 wind turbines at the 


Tehachapi site in southern Cali- 
fornia supply 626 megawatts of 
electricity. 
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FIGURE 19.1 


Most of the U.S. wind potential 
is in the Great Plains region. 


FIGURE 19.32 


The Europcan Wind Energy 
Association anticipates the 
installed wind energy capacity In 
Europe to reach 180,000 MỸ by 
2020. 


Power classification 
l6 Outstanding L]3 Fair 

El 5 Excellent L]2 Marginal 
El4 Good L]1 Poor 


What do fossïl fuels have in common with the various forms of direct solar 
energy just discussed? 


Was thïs your answer? They all originate with the sun. 


PHOTOVOLTAICS CONVERT SUNLIGHT DIRECTLY TO ELECTRICITY 


Photovoltaic cells are the most direct way ofconverting sunlight to electrical energy. 
Since their invention ¡in the 1950s, photovoltaics have made remarkable strides. 
The first major applicadon was in the 1960s with the U.S. space program—— 
space satellites carried photovoltaic cells to power radios and other small electronic 
devices. Photovoltaics gained further momentum during the energy crisis of the 
mid-1970s. 

The cost of receiving electricity through photovoltaics dropped from $60 per 
kilowatt-hour in 1970 to $1 per kilowatt-hour in 1980 to about I8 cents per 
kilowatt-hour in 2005. Thịs, however, does not include the cost ofinstalling the 
photovolatic system, which necessarily includes a mounting system, backup bat- 
teries, and other electrical equipment. With these included, the average 2005 
market price for a 2-kilowatt residential system ¡s about $20,000. This amount 
of money spread out over a 25 year Ïifespan comes out to around 37 cents per 
kWh, assuming you live in a sunny climate. By comparison, in 2005 utilities 
charged an average of about I0 cents per kWh. 

WWorldwide, sales of photovoltaics grew from less than $2 million in 1975 to 
more than $1 billion in 2000, but then grew exponentially to more than $7 bil- 
lion by 2005. More than a billion handheld calculators, several million watches, 
several million portable lights and battery chargers, and thousands of remote 
communications facilities are all powered by photovoltaic cells. As Figure 19.33 
illustrates, the range of their usefulness is huge. 

Photovoltaics offer many advantages. Because they need minimal mainte- 
nance and no water, they are welÍ suited to remote or arid regions. They can oper- 
ate on any scale, from multiwatt portable electronic øear to mulÌtimeøawatt Dower 
plants covering millions ofsquare meters. Photovoltaic technology is progressing 
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rapidly and is on the vergc of being cost-competitive with fossil and 
nuclcar fueÌs. 

Conventional photovolraic cells are made from thin slabs of uÏtra- 
pure silicon. The four valence electrons in a silicon atom allow for 
four single bonds to four adjacent silicon atoms, as shown in Figure 
19.34a. This configuration can be changed by incorporating trace 
amounts of other elements that have either more or fewer than four 
valence electrons. Arsenic atoms, for example, have five valence elec- 
trons cach, also shown ¡n Fipure 19.34a. Within the silicon lattice, 
four of these arsenic electrons participate in bonding with four silicon 
atoms, but the fifth electron remains free. This ¡1s 7-fyp£ s7Ï7c07i, SO 
called because of the presence of free øegative charges (electrons) 
brought in by the arsenic. Boron atoms, on the other hand, have only 
three valence electrons, represented in Figure 19.34b. Incorporating 
boron into a silicon crystal lattice creates “electron holes,” which are bonding 
sites where electrons should be but are not. This is ø-/ø£ s7/Zeøø, so called 
because any passing electron 1s attracted to this hole as though the hole were a 
positive charge. 

WWhat happens when a sÏice of z+type silicon is pressed against a sÏice of ø-type 
silicon? Remember that the ztype contains free electrons and the ø-type con- 
tains electron holes just waiting to attract any available electrons. Sure enough, 
electrons miprate across the junction from the ø-type to the Øø-type, as shown in 
Figure 19.35a. This occurs only up to a certain point, however, because losing or 
gaining electrons upsets the electron-to-proton balance. As the 7+type silicon 
loses electrons, ¡it develops a positive charge on its side of the junction. As the 
-0pe silicon gains electrons, it develops a negative charge. This charge buildup 
at the junction serves as a barrier to continued electron mipration, as Figure 
19.35b illustrates. 

Photovoltaic cells rely on the photoelectric effect, which ¡s the ability of 
light to knock electrons away from the atoms in an object. Ín most materials, 


Arsenic “extra” Boron5 “missing” 


valence electron 


valence electron 


(a) n-Type silicon (b) p-Type silicon 


FIGURE 19.34 


- {(a) The four valence electrons in a silicon atom can form four bonds. The fifth 

- valence electron ofarsenic is unable to participate in bonding ¡n the silicon lattice 
and so remains free. Silicon that contains trace amounts of arsenic (or any other ele- 
ment whose atoms have five valence electrons) ¡s called ø-type silicon. (b) Boron has 
only three valence electrons for bonding with four silicon atoms. One boron-silicon 
pair therefore lacks an electron for covalent bonding. Silicon containing trace 
amounts of boron (or any other lement whose atoms have three valence electrons) 


1s called ø-type silicon. 


FIGURE 19.33 


Photovoltaic cells come ïn many 
sizes, from those in a handheld 
calculator to those in a rooftop 
unit that provides electricity to a 
house. 
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(a) Initlally, free electrons migrate 
from the ø-type silicon to the 
-type silicon. (b) Quickly, how- 
ever, charge buildup at the junc- 
tion prevents the continued flow 
of electrons. 
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Sunlight 


The photoelectric effect in sili- 
con. Light rays knock out bond- 
¡ng electrons, wh¡ch are free to 
travel about the crystal lattice. 


Eree electrons in the 7-type wafer 
are repelled by the positive charge 
of the ø-type wafer. Free electrons 
in the ø-type wafer, however, are 
attracted to the positive charge of 
the -type wafer. The energy of 
sunlieht gets these electrons mov- 
¡ng to the point they are pushed 
into an external circuit in a unidi- 
rectional fashion. 
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Free electrons in n-type 
slice repelled by negative 
charge at junction. 


p-Type 


(b) 


the electrons either are completely eJected from the object or simply fall back to 
their original positions. In a select number of materials, however, including siÌ- 
icon, dislodged electrons roam about randomly in and among neighboring 
atoms without being locked into any one place, as represented in Figure 19.36. 
However, 7⁄27 electron motion ¡s not an electric current because for every 
one electron moving to the left, there ¡s another canceling that motion by mov- 
¡ng to the right. Greater random motion simply means higher temperatures. 
Thịs is why solar energy shining onto a piece ofsilicon produces nothing more 
than heat. 

The junction barrier between adjacent sÏices of z-type and ?ø-type silicon acts 
like a one-way valve. Electrons knocked loose in the ø#-type slice are inhibited 
from migrating across the junction to the ø-type slice. Electrons knocked loose 
in the Ø-type slice, however, are readily drawn into the Z-type sÏice, as shown in 
Eigure 19.37. So the fow of electrons across the barrier is unidirectional, 
always from the Z-type to the 7-type. As Figure 19.37 shows, a complete elec- 
tric circuit can be made by connecting a wire to the outside faces of the two 
slices of silicon. When light hits either slice, dislodged electrons are forced by 
the junctlon barrier to move In one direction: from the Z-type slice through the 
wire to the Øø-type slice and back again across the junction to the 7-type slice. 
Thịs way, rather than being transformed to heat, energy from sunlight is trans- 
formed to electricity. 


n-Type wafer 


-| p-Type wafer 
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One wafer of n-type silicon and one wafer of p-type are pressed together, 
with no wire connecting the outside faces. An initial flow of electrons from 
n-type to ø-type results in a charge buïldup at the junction. What happens 
to this charge buïldup as light shines on the n-type wafer: does it increase, 
decrease, or stay the same? 


Was thỉs your answer? The number of free electrons in the n-type silicon is 
greatly ïncreased because the light knocks electrons out of their atoms. An 
electric “pressure”thus pushes more electrons through the barrier to the 
electron holes in the p-type wafer. This results in an even greater charge 
buïldup at the junction, which makes the migration of additional electrons 
even more đifficult.VWhen the light is turned off,the charge buildup drops 
back to ïts normal level. 


The goal of the photovoltaic industry 1s to create a cell that ¡s highly efficient, 
Inexpensive to manufacture, and easiÌy mass-produced. Traditional photovoltaic 
cells manufactured from ultrapure crystalline silicon yield effiiciencies as high as 
15 percent, which is good. However, the high cost of producing uÏtrapure crys- 
talline silicon prevents these cells from being cost-competitive. Although great 
strides have been made in the past 20 years, electricity from these celÏs stilÏ remains 
three to four times more expensive than electricity from conventional sources. 

Perhaps the most promising area of photovoltaic research involves thin-fÏm 
photovoltaic cells. These cells are not produced from expensive crystalline sili- 
con. Rather, they are Íormed as vaporized silicon or some other photovoltaic 
material is deposited on a glass or metal substrate. The resulting films are about 
400 times thinner than traditonal silicon wafers, which saves in material costs. 
Furthermore, the ñÏms are easy to mass-produce. 


® 1o.8 Our Future Economy May Be Based on Hydrogen 


ne of the most idcal fuels is hydrogen, H;. By weight, hydrogen packs 

more energy than any other fuel, which ¡is why ¡t 1s used to 
launch spacecraft. Ít is readily produced from the electrolysis of 
water, and the clectrolysis equipment can be driven by solar- 
derived electricity. In this way, hydrogen provides a convenient 
means of storing solar energy. 

Hydrogen burns very cleanly, producing almost nothing but 
water vapor. The vapor can be used to drive a gas turbine for the 
production of electricity. The waste heat can be used either for 
industrial purposes or to warm buildings. The water that condenses 
from the turbine can be used for agriculture or human consump- 
tion, or it can be recycled for the production of more hydrogen. 

Because it Is a gas, hydrogen ¡s easily transported through 
pipelines. In fact, pumping hydrogen through pipelines is more 
energy-cfliclent than transmitting clectricity through power 
lines. Thus, hydrogen facilities could be located in replons where 
production ¡s cheapest—desert regions for solar thermal and an 
photovoltaics, windy regions for wind turbines, and moist regions for bio- _FIGURE 19.38 
mass——and then transported to meet the energy needs of distant communities. A hydrogen-powered test vehicle 

Hydrogen can even be used as a fuel for automobiles, as shown In Eigure . developed by BMW. The exhaust 
19.38. Porous metal alloys have been developed that absorb large quantities of consists primarily ofwater vapOr. 
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This special photoelectrochemi- 
cal electrode submerged in water 
uses the energy of sunlipht to 
generate hydrogen gas, which 
forms on its surface. 


hydrogen gas. Pressing the gas pedal ofa car powered by hydrogen fuel sends a 
warming electric current to the alloy, which ¡s housed ¡n the gas tank. Äs the 
alloy heats up, ¡t releases hydrogen, which powers either an internal combustion 
engine or an electricity-producing fuel cell. Gas statlons of the future may truÌy 
be øs stationsl 


Why does the combustion of hydrogen produce no carbon dioxide? 


Was thỉs your answer? There is no carbon with which to form carbon diox- 
ide! Hydrogen is an ideal fuel that when burned produces almost nothing 
but water vapor—no carbon dioxide, no carbon mmonoxide, and no particu- 
late matter. 


FUEL CELLS PRODUCE ELECTRICITY FROM FUEL 


As Section I1.3 discussed, the most efficilent way to produce electricity from 
hydrogen, or any other fuel, is with a Ø/ ce/. Utilities could produce megawatts 
of electricity by stacking fuel cells. Present-day fuel cells have an efficiency of 
about 60 percent, which ¡s well above the 34 percent efliciency ofa typical coal- 
fñired power plant. Interestingly enouph, one potential source of hydrogen is 
coal, which when treated with high-pressure steam and oxygen produces hydro- 
gen gas and methane gas. Burning these gases in a gas turbine results in a coal- 
to-electricity efficiency as hiph as 42 percent. If the gases are first run through 
electricity-producing fuel cells, the efficiency ¡is even hipher. Meanwhile, 
because the coal ¡is not burned directly, fewer pollutants are released into the 
environment. 


PHOTOVOLTAIC CELLS CAN BE USED TO PRODUCE HYDROGEN 

FROM WATER 

The cleanest and most abundant source of hydrogen on our planet is water. 
Creating hydrogen from water is an energy-intensive process, however, best 
done using electrolysis, a technique discussed ¡in Section 11.3. Ideally, the elec- 
trical energy required to create hydrogen from water could be provided by a 
solar-driven photovoltaic cell. The electricity generated by the ccl[ is then sent 
to a second celÏ, where water ¡s electrolytically cleaved to produce hydrogen. 
There ¡s also research currently underway that seeks to develop photovoltaic 
surfaces that directÌy generate hydrogen from water, as shown in Figure 19.39. 

Over the past several years, there has been great progress toward the realization 
ofa commercially feasible solar energy-to-hydrogen system. For such a system, the 
efficiency at which the solar energy ¡s converted to hydrogen needs to be as hiph as 
possible. Inirial systems had efficiencies of no more than 6 percent. One of the 
main hurdles was developing a photovoltaic system optimized for 1.23 volts, which 
1s the voltaøe needed for the hydrolysis of water. Such a system was developed by 
1998 and provided an efliciency of 12.4 percent. By 2005, researchers were report- 
Ing efficiencies ofaround 30 percent. With newer nanotechnologies now under 
development, researchers are anticipating efficiencies ¡n excess of 60 percent. 

If hydrogen can be efficiently produced using electricity from photovoltaics 
or wind turbines, then a number of interesting possibilitles arise. Photovoltaics 
and wind turbines are “distributed” sources of energy as opposed to “central- 
1zed” sources. In other words, they can be placed in peoples own backyards or 
within neighborhood solar energy parks, which ¡s in contrast to the conven- 
tional coal-fired power plant. The solar electricity and hydrogen can thus be 
produccd locally at the point of use, thereby avoiding energy losses inherent in 
shipping energy over long distances. Such a system would not likely put the cen- 


tralized utility out ofbusiness, but would instead help the uulity cope with ever- 
increasing energy demands. Perhaps most Important Is the fact that the greatest 
growth in energy demand for the next century will be occurring in developing 
natlons where the Infrastructure for centralized energy sources simply does not 
exist. Starting these people offwith noncentralized and nonpolluting sustainable 
energy sources would be a most worthwhile Investmenr. 


BUT HYDROGEN MAY NOT BE THE ULTIMATE SOLUTION 


Hydrogen as the fuel of the future certainly has much appeal. There are suill, 
however, numerous drawbacks. According to the National Academy of Sclences 
(NAS), for example, fossil fuels will likely continue to be the primary source of 
hydrogen for the next several decades. Some argue that funds pushed towards 
the hydrogen economy would be better spent on increasine current vehicle effi- 
ciencies. The demand for hybrid vehicles, for example, is great, but the automo- 
tive industry in the United States was late in meeting it because vehicle fuel 
efliciencies were not its top priority. [he resulting delay in the implementation 
ofhybrid vehicle technology thus contributed to additional fossil fuel consump- 
tion and carbon dioxide output. 

Major breakthroughs are still required ¡in order for hydrogen fuel cells to 
become cost-competitive with hybrids. So can we do both? Develop hydrogen 
cars while advancing hybrid technology at the same time? Some say yes. Cthers 
say biofuels, which are Immediately available, would be more eflicient and envi- 
ronmentally friendly. They point to the fact that energy use in the average home 
contributes more to air pollution and climate change than the average car. Oth- 
€rs point to research indicating that we will soon be able to replicate photosyn- 
thesis, whereby we can generate methanol and other organic liquid fuels and 
feedstocks using sunlight and atmospheric carbon dioxide. Think about that. 
On the web, use the keyword “artificial photosynthesis” and you will ñnd there 
to be no shortaøe of human Ingenuity. 


5 In Perspective 


he Ủ.S. Department of Energy projects that by 2010, our country will 

need 200,000 megawatts of new clectricity-geenerating capacity. Further- 
more, nearly a quarter ofall U.S. facilities that generate electric power wilÍ need 
major renovations, overhauls, or replacement by that time. This represents a 
grand opportunity for the development oÊ sustainable energy sources. Even 
greater opportunities exist in developing nations, where there are more than 
2 billion people without electricity now and, with rapid population growth, 
many more to come. Ân estimated $1 trillion will be spent in the next few years 
to bring electric power to these people. Current decisions about where that 
energy comes from and how it is produced will affect the environment for a 
long, long time to come. 

All regions ofthe world will beneft from energy conservation, which ¡s the nat- 
ural partner of sustainable energy. Conservation measures can be quite effective, 
as was demonstrated after the Arab oil embargo imposed by the Organizatlon of 
Petroleum Exporting Countries (OPEC) in 1973. From the start of this embargo 
until 1986, energy consumption in the United States remained constant as a result 
ofincreased efficiencies, while the economy grew by 30 percent. Are we close to 
our limit in terms ofconservation measures? New technologies and materials sug- 
gest there is still much we can do. Superinsulated buildings, for example, now 
require onÌy one-tenth as much heating in winter and cooling in summer. Hybrid 
combustion-electric vehicles can now drive more than 40 kilometers on l liter of 
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s According to the Energy Star effi- 
ciency program, if every house- 
hold in the United States 
replaced one lightbulb with a 
comnpact fluorescent bu]b, ït 
would prevent enough polÌution 
†o equal removing 1 million cars 
from the road. Similarly, there are 
more than 1oo million exit signs 
inuse through the United States. 
Typically lït by less-efficient 
incandescent bulbs,these signs 
consume from 3o to 35 billion 
kWh of energy each year. If all U.S. 
companies switched to Energy 
Star-qualified exit signs, they 
would save Š7s5 million in electric- 
ïty costs. 

© MORE TO EXPLORE: 
Wwww.EnergyS†ar.gov 
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CHAPTER 19 


ENERGY RESOURCES 


TABLE 19.7 THE WORLD”S INCREASING ENERGY NEEDS 


World Population Energy per Total Power 
Year (billions) x Person (MW) = Consumed (MW) 
200O 6.2 vở O.OO3 = 19 million 
2O5O 10.O v O.OO3 = 3o million 
1O.O x O.OO7S = 7s million 
21OO 15.O x O.OO3 = 45 million 
15.O x O.OO7S = 112 million 


gasoline and 25 kilowatts of battery power—this corresponds to about 100 miles 
per gallon! Ifyou were to replace a single 75-watt incandescent buÌlb with an 18- 
watt fuorescent, you would save the electricity that a typical U.S. power plant 
would make from 350 kilograms of coal or 250 liters ofoil. As a result, about 730 
kilograms of carbon dioxide would not be released into the atmosphere. How 
many Ñuorescent bulbs are in your home? 

Our energy needs are increasing primarily because of our increasing popula- 
tion, as shown in Table 19.1. The data in this table assume an acceptable stan- 
dard of living can be had at 0.003 megawatt per person. Ôn average, however, 
the 1.2 billion individuals of developed nations consume about 0.0075 megawatt 
per person. IÝ conservation measures are not set ¡in place and ¡f the far preater 
number ofindividuals in developing nations are brought up to 0.0075 megawatt 
per person, then the world will use 75 million megawatts in 2050 and 112 mil- 
lion megawatts in 2100, six times the amount consumed ¡n 2000. 

As hard as controlling population growth may be, ït is likely to be easier than 
providing increasing numbers of people with energy, food, water, and much 
else. Thomas Jefferson described revolution as an extraordinary event necessary 
to enable all ordinary events to continue. I£a decent standard of living for all 
human beings ¡s to be held as ordinary, what we necd is nothing short ofan 
enersy revolution. The days ofour using nonrenewable energy sources are num- 
bered. The sooner we make the necessary transitions, the better. 

Good chemistry to you. 


KEY TERMS 
| 
Power The rate at which energy ¡s expended. 


Watt A unir for measuring power, equal to 1 Jjoule of 
energy expended per second. 


Kilowatt-hour [he amount ofenergy consumed in 
1 hour at a rate of I kilowatt. 


Coal A solid consisting ofa tightÌy bound network o£ 
hydrocarbon chains and rings. 


| CHAPTER HIGHLIGHTS 


ELECTRICITY IS A CONVENIENT FORM 
OF ENERGY 


1. What does an electric current eenerate? 


2. What does an electrical wire moving throuph a mag- 
netic field generate? 


3. Is electricity a source of energy? 

4. WhatSs a watt? 

FOSSIL FUELS ARE A WIDELY USED 

BUT LIMITED ENERGY SOURCE 

5. Why are fossil fuels such a popular energy resource? 
6. Why ¡is coal considered the flthiest fossil fuel? 


7. How does a scrubber remove noxious øaseous efflu- 
ents created in the combustion of coal? 


§. Can coal be converted to cleaner-burning fuels? 


THERE ARE TWO FORMS OF NUCLEAR ENERGY 


9. Why has the number ofoperating nuclear fssion 
plants in the United States decreased over the past two 
decades? 


10. For about how long must a ñssion plant be operat- 
¡ng before the initial ñnancial investments are paid off? 


11. hat are the advantages of having smaller ñssion 
reactors that produce on the order of 155 to 600 
megawatts Of poWer? 


12. Why was most of the radiation from the Chernobyl 
meltdown released into the environment? 
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Petroleum A liquid mixture ofloosely held 
hydrocarbon molecules containing not more than 
30 carbon atoms cach. 


Natural gas A mixture of methane plus small amounts 
of ethane and propane. 


Biomass A gencral term for plant material. 


Photoelectric efect The ability of light to knock 


electrons out o£atoms. 


WHAT ARE SUSTAINABLE ENERGY SOURCES? 


13. What defines an energy source as sustainable? 


WATER CAN BE USED TO GENERATE 
ELECTRICITY 


14. What does the acronym CYT'EC stand for? 


15. Why ¡is Hawaii particularly well suited for generat- 
¡ng electricity using TEC technology? 


16. Why are hydrothermal vents often quite smelly? 


17. How are tides used to generate electricity? 


BIOMASS 1S CHEMICAL ENERGY 
18. In what sense is biomass a form of solar energy? 


19. Which has a higher octane rating, ethyl alcohol or 


gasoline? 


20. What country named in this chapter currentÌy gen- 
erates most of its fuel from biomass? 


21. What is the most efficient way to convert biomass 
to electricity? 


ENERGY CAN BE HARNESSED FROM SUNLIGHT 
22. Why are solar water heaters painted black? 


23. Describe two technologies used to convcert solar 
heat to electricity. 


24. What is a major drawback of wind power? 
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25. How is ?ø-type silicon made? 


26. What happens when a sÏice of z-type silicon ¡s 
joined to a sÏice oÊ ø-type silicon? 


27. Light shining on a slab of pure silicon dislodges 
electrons from the silicon atoms. hat happens to 
these electrons? 


OUR FUTURE ECONOMY MAY BE BASED 
ON HYDROGEN 


28. Why is hydrogen such a great fuel? 
29. How might cars one day store hydrogen fuel? 


30. How are fuel cells đifferent from batteries? 


| CONCEPT BUILDING @brciwuwrr BH (NrrrMrDIATE  rxprrr 


31.@ What¡s the difference between a kilowatt and a 
kilowatt-hour? Which ¡s a quantity ofenergy? Which ¡s 


a measurement of available power? 


32. 8 Why are gas turbines more efÍicient at øenerat- 
¡ng electricity than steam turbines? 


33. #4 Why are airplanes flown by the power of electric- 
Ity rather than the power of gasoline fuel so impractical? 


34. 4 How can fossil fuels be considered a form of 
solar energy? 


35. 4 Why is it impractical to burn any fuel in such a 
way that no nitrogen oxides are formed as combustion 
Products? 


36. # Why does burning natural gas produce Ïess car- 
bon dioxide than burning either petroleum or coal? 
(Hzz: Consider the chemical formulas of the com- 
pounds making up these materials.) 


37. ® What are some advantages of deriving energy 
from nuclear ñssion? 


38.  Why would a ñssion control substance that loses 
neutron-absorbing power as its temperature increases 
be dangerous? 


39. ® hy are countries teaming up to develop 
nuclear fusion energy? 


40. @ What ¡is the source of fuel for nuclear fusion? 


41. ® In 1973, the Organization of Petroleum Export- 
¡ng Countries stopped exporting oil for a time. hat 
effect do you suppose this embargo had on the nuclear 
power industry? 


42. ® What are some advantages of deriving energy 
from nuclear fusion? 


43. # Is ít possible for a nuclear fission power pÏant to 
blow up like an atomic bomb2 


44. ® NVhy 1s itin a countryS best national security 
Interests to Invest ¡n sustainabÌe enerey sources? 


45. ® Why do many environmental øroups oppose 
building more hydroelectric dams when these dams 


produce virtually no chemical pollutants as they create 
electric power? 


46. 8L Atatmospheric pressure, water has a boiling point 
too hiph to allow ït to be used as the turbine-pushing 
Huid in an TEC electric generator. How might the 
generator be modifed to overcome this problem? How 
might such a modiffcation allow for the production of 
fresh water Írom seawater? 


47. ® How is it that here on Earth we can derive enerey 
from the moon, which ¡s 400,000 kilometers away? 


48. ® Nhat are some disadvantages of producing 
ethanol by fermenting food biomass? 


49. ® How does a 7ø7ø/2r pool cover increase the effi- 
ciency ofa pool heater? 


50. ® hat ¡s the utility of south-facing windows in 
northern climates? 


51. ® Suggest how solar enerey might help destroy 
pathogens in drinking watcr. 


52. How might solar heat be used to generate colder 
temperatures? 


53. ® In the simplified electric generator shown here, 
a power source is needed at either point Ä or point B. 
WWhere could each of the following power sources be 
used, at Á or at B? 


natural øas hydroelectric 


wind 8 7 ˆ co 
nuclear fusion 


54. ® How does blending arsenic atoms into a sample of 
silicon increase the silicons ability to conduct electricity? 


55. ® hen you have Z-type silicon and Z~type silicon 
Joined togecther, why dont clectrons dislodged by lipht 
¡n the 7-type cross the Junction barrler and enter the 


?p€? 
56. 8 How ¡s the junction barrier between Z-type and 
-type silicon much like a one-way valve? 


57. # In an operating photovolraic cell, electrons move 
through the external circuit to the negatively charged 
-tpe silicon wafer. How can the electrons move to the 
negatively charged silicon when they themseÌves are 
negatively charged? IDont like signs repel each other? 


SUPPORTING CALCULATIONS 


61.8 How much money would you save per hour by 
replacing a 100-watt incandescent lightbulb with an 
equally bripht 20-watt Ñuorescent bulb? Assume the 
cost of electricity to be 15 cents per kilowatt-hour. 


62. Ít ¡s estimated that in the year 2020, about 
200,000,000 MỸ hours of electricity will be produced 
from the combustion ofbiomass. How much power Is 


this in units of MỸ? (7z: there are 8760 hours in a 
year.) 


63. One megawatt (1.0 MỸ) ofelectricity 1s sufli- 
cient to meet the needs ofabout 350 households within 
a developed nation. As per Figure 19.32, Europe 
expects to have a wind energy capacity of 180,000 MW 
by 2020. How many households is this? 


DISCUSSION QUESTIONS 


66. Why might some people consider ít a bÏessing in 
disguise that fossil fuels are such a limited resource? 
Centuries from now, what attitudes on the combustion 
of fossil fuels are our descendanrs likely to have? 


67. The 1986 accident at Chernobyl, in which dozens 
of people died and thousands more were exposed to 
radiation that mipht lead to cancer in the future, caused 
fear and outrage worldwide and led some people to call 
for the closing of all nuclear plants. Yet many people 
choose to smokke cigarettes In spite of the fact that 2 
million people die every year from smoking-related dis- 
eases. The risks posed by nuclear power pÏants are 
Iinvoluntary, rsks we must all share like It or not, 
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58. @® \What are some major advantages of using seawa- 
ter to produce hydrogen from electrolysis? 


59. 8 A disadvanrage of tidal power 1s that eÌleCtricity 1s 
generated only when tides are coming in or øoing out. 
How mipht a tidal electric power plant be outfitted so as 
to be able to provide a continuous supply of electricity? 


60. 8 Nhat ¡f Mars were inhabitable by humans and 
wc had developed the technology to transport and set- 
tle half the worlds population there? At present 
birthrates, how long would ít be before we were faced 
with not one but two world populations of6 billion? 
(Hzz: See Table 19.1.) 


 BEGINNER ÏỄT INTERMEDIATE ệ EXPERT 


64.® Assuming one megawatt of electricity ¡s suffi- 
cient to meet the needs ofabout 350 homes, how many 
kilowatts of power are needed to meet the needs ofa 
sinele home? 


65. You order a 2-kÑ system of photovoltaic cells to 
be installed on the roof of your house. The celÏs are 
guaranteed to last at least 25 years. The cells plus instal- 
lation plus electrical equipment wilÏ cost you $20,000 
1fyou buy now, but $10,000 ¡ifyou waït 10 years. The 
average cost of electricity from your utility ¡s 10 cents 
per kilowatt-hour. What else do you need to know in 
order to calculate the amount of money you will have 
spent within 25 years going with either plan? 


whereas the risks assoclated with smoking are voluntary 
because a person chooses to smoke. Ñ/hy are we so 
unaccepting ofinvoluntary risk but accepting of volun- 


tary risk? 


68. Lithuania is more dependent on nuclear power 
than any other country in the world. Its two 1500- 
megawatt reactors produce more than 80 percent of the 
country electricity. Ïhe reactors, however, are the same 
design as the unit that caused the Chernobyl disaster. 
With both reactors working, Lithuania can produce 
almost twice as much energy as its domestic demand, 
allowing the country to selÏ the excess to other nations. 
Ifone unit were shut down, however, the country 
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would have to import electricity at a cost of $4 billion a 
ycar. A 1998 study determined that Lithuanias older 
teactor can no longer operate safely. W/ithout foreign 
aid to assist with the cost of Importing eÌlectricity once 
this obsolete plant is shut down, Lithuania Intends to 
operate both facilities for at least 15 more years. What 
should be done and at whose expense? 


69. Ñhat is the most important scIentifc and techno- 
logical issue facing humanity in the 21st century? 


70. Why might wind-rich states be particularly interested 
in the development of the long-range, high-capacity, 
superconducting cables discussed in Chapter 18 


Z1. What energy technologies should developed 
nations, such as the United States, be marketing to 
developing natlons? 


72. In the centralized model for generating electricity, a 
relatively few number of power plants produce the mas- 
sive amounts of electricity that everyone needs. In the 


ANSWERS TO CALCULATION 
CORNER 


KILOWATT-HOURS 


Step 1 Total energey consumed ¡n kilowatt-hours: 
(10 bulbs)(0.100 kÑW/bulb)(10 h) = 10 kWh 
Step 2 Cost ofconsuming this much energy: 


(10 kWh)(15/kWh) = 150 = $1.50 


.HANDS-ON CHEMISTRY INSIGHT 


SOLAR POOL COVER 


Evaporation accounts for a significant amount of heat 
loss from a swimming pool. Therefore just about any 
covering that inhibits evaporation will help keep a pool 
warm. This explains why the water covered by aÌu- 
minum foiÏ gets warmer despite the fact that the alu- 
minum refects incoming solar radiation. Äs discussed 
in Chapter 8, detergents form a thin layer on the sur- 
face of water. This layer inhibits evaporation enough to 


decentralized model, electricity is generated by numer- 
ous smaller substations, which may include personal 
wind turbines or photovoltaics. hat are the advan- 
tages and disadvantages of cach model? When should 
one be favored over the other? 


73. List all of the advantages that electricity from wind 
energy has over electricity from a coal power plant. List 
all the disadvantages. Assuming your clectric biÏÏ from 
cach was the same, which would you rather have? Should 
where you live make a difference in your preference? 


74. How would commercial Jet airline businesses bene- 
ñt from a hydrogen economy? Might commercial Jet 
airplane engines ever be desiened to use hydrogen as a 


fuel? Why or why not? 


75. Create a list ofall the measures you have taken 
within the past month to conserve energy. Create a sim- 
Ilar list of measures you can take within the next month 
tO COIS€TV€ €n€TĐY. 


allow the water in the bowl treated with detergent to 
become slightÌy warmer than the uncovered control 
bowl. Some commercial “liquid solar blankets” are 
nothing more than nonfoaming detergents that when 
added to the swimming pool inhibit evaporation and 
thus cut down on heat Ìoss. 

You know that black vinyl car seats get hotter in the 
sun than white vinyl seats do. Did you then assume 
that the black covering would result in the warmest 
water? You may have poked your finger Into the water 
samples to sense the temperature differences. You may 
have noticed that the water under the black plastic was 
markedly warmer at the top of the bowl than at the 
bottom. (Thịs ¡s true of the water in the other bowls, 
but the effect is not as pronounced.) Althoueh it is true 
that the black plastic gets the warmest of all the cover- 
Ings, remember that itS the z/£zyou want to Ø€t 
warm, not the plastic. The temperature gradient results 
because only the water directly below the black plastic 
øets warmed——that is, irs the plastic that heats the 
water and not the sun. 

Transparent covers tend to work best because they 
both inhibít evaporation and allow the sunliphrt to heat 
the water directly. Thus your hiphest temperatures 
should have been for the food wrap and the bubble 
wrap. The food wrap allows the most light to pass 
through, which explains why the water beneath ¡t tends 
to reach the highest temperature. After the sun øocs 
down, however, the bubble wrap serves as a better insu- 
lator, maintaining a higher temperature over a longer 


period. 
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APPENDIX A 
SCIENTIFIC NOTATION IS USED 
TO EXPRESS LARGE AND SMALL NUMBERS 


ịn science, we often encounter very large and very small numbers. ÑWritten in 
standard decimal notation, these numbers can be cumbersome. There are, for 
example, about 33,460,000,000,000,000,000,000 water molecules in a thim- 
bleful of water, each having a mass of about 0.00000000000000000000002991 
gram. To represent such numbers, scientists often use a mathematical shorthand 
called scientiic notation. Ñritten ¡n this notation, the number of molecules in 
a thimbleful of water ¡s 3.346 x 107”, and the mass of a single molecule ¡s 
7091x1ữ gram. 

To understand how thís shorthand notation works, consider the large 
number 50,000,000. Mathematically this number ¡is equal to 5 multiplied by 
10 x 10 x 10 x 10 x 10 x 10 x 10 (check this out on your calculator). Ÿe 
can abbreviate this chain of numbers by writing all the 10s in exponential 
form, which gives us the scientifc notation 5 X 107. (Note that 107 ¡s the 
same as I0 x 10 x 10 x 10 x 10 x 10 x 10. Table A.1 shows the exponenrial 
form of some other large and small numbers.) Likewise, the small number 
0.0005 is mathematically equal to 5 divided by 10 x 10 x 10 x 10, which is 
5/10. Because dividing by a number is exactly equivalent to multiplying 
by the reciprocal of that number, 5/10 can be written in the form 5 x 10-4, 
and so in scientifc notation 0.0005 becomes 5 x 10 (note the negative 
exponent). 

All scientiic notation is written ¡in the general form 


Cx10” 


where  called the cøeffc/eø, 1s a number between l and 9.999... and ø ¡s 
the ¿x2Ø2ø¿. A positive exponent indicates a number greater than 1, and a 
negative exponent indicates a number between 0 and I (zø#a number less 
than 0). 

Numbers less than 0 are indicated by putting a negative sign Óeƒöze #e coeƒJ- 
c7ez£ (not In the exponent): 


Decimal Scientifc 
notation notation 
Large positive number 
(greater than I) 6,000,000,000 6x10” 
SmalÏ positive number 
(betwecn 0 and T) 0.0006 6x10 
Large negative number 
(Icss than —1) —6,000,000,000 6 x 107 
SmalÏ negative number 
(between —1 and 0) —0.0006 =£x107 
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SCIENTIFIC NOTATION IS USED TO EXPRESS LARGE AND SMALL NUMBERS 


TABLE A.1 DECIMAL AND EXPONENTIAL NOTATIONS 


1,OOO,OOO = 1O X 1O X 1O X 1O x 1O X 1O = 1OẼ 
1OO,OOO = 1O X 10 X 1O X 1O 10 = 105 
1O,OOO = 1O X 1O X 1O X 10 = 10! 
1OOO = 1O X1O x1O = 10 
1OO = 1O X 1O = 1O? 
1O = 1O = 1O” 
1=1=10° 
O.1= 1/10 = 1O” 
O.O1= 1/(1O x10) = 1O”? 
O.OOI = 1/(1O X10 X10) = 103 
O.OOOI = 1/(1O X1O X1O x10) = 104 
O.OOOO1 = 1/(1O X10 X 1O X1O X1O) = 1O° 
O.OOOOO1 = 1/(1O X10 X1O X1O x1O x10) = 10”Š 


Table A.2 shows scientifc notation used to express some of the physical data 
often used in sciencc. 

To change a decimal number that is greater than +1 or less than —] to scien- 
tiñc notation, you shift the decimal point to the left until you arrive at a number 
between 1 and 9.999.... For decimal numbers between +] and —1, you move the 
decimal point to the right until you arrive at a number between 1 and 9.999... 
Thịs number ïs the coefficlent part of the notation. The exponent part is simpÌy 
the number of places you moved the decimal point. For example, to convert the 
decimal number 45,000 to scientific notation, move the decimal point four 
places to the left to get a number between I and 9.999... 


S) 4 
45,000 =4.5Xx10 
3i 


The number 0.00045, on the other hand, ¡s converted to scientifc notation by 
moving the decimal point four places to the right to arrive at a number between 


1 and 9.999...: 


0.00045 = 4.5x10 
\Š.V.V Ố, 


I234 


TABLE A.2 
Number of molecules in thimbleful of water 3.346 x 10?2 
Mass of water molecule 2.991X10””3 gram 
Average radius of hydrogen atom 5x10” meter 
Proton rnass 1.6726 x1O'”” kilogram 
Neutron mass 1.6749 x1O ?7 kilogram 
Electron mass 9.1094 1© ”' kilogram 
Electron charge 1.602 x1Oˆˆ? coulornb 
Avogadro's number 6.O22 x1o”3 particles 


Atomic mass unit 1.661X1O””# gram 
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Note that because you moved the decimal point to the ripht in this case, you 
must put a minus sign on the exponenr. 


YOUR 
= TURN 
Express the following exponentials as decimal numbers: 
a. 110” b. 1x1oŸ c. 8.8x1o° 


Express the following decimal numbers ïn scientific notation: 
d. 74o,ooo e. —O.OO354 tổ 1E 


Were these your answers? a. OOOOOOO1 b. 1OO,OOO,OOO c. 88O,OOO 
d. 74x10? €. -3.54X1O3 Í 1.8X1O! 
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SIGNIFICANT FIGURES ARE USED TO SHOW 
WHICH DIGITS HAVE EXPERIMENTAL MEANING 


Í» kinds of numbers are used ¡n science—those that are c2 ør defned 
and those that are Z2szzeZ. There is a preat difference between a counted or 
defned number and a measured number. The exact value of a counted or 
defned number can be stated, but the exact value ofa measured number can 
never be stated. 

You can count the number of chairs in your classroom, the number of fingers 
on your hand, or the number of quarters in your pocket with absolute certainty. 
Thus counted numbers are not subject to error (unÏess, of course, you count 
WwTrOn9). 

Defned numbers are about exact relationships and are defñned as being true. 
The deRined number of centimeters in a meter, the deñned number of seconds 
in an hour, and the delned number oŸ sides on a square are examples. Thus 
deñned numbers also are not subject to error (unless you forget a 
definition). 

Every measured number, however, no matter how carefully 
measured, has some degree of ze£z/27z#y. This uncertainty (or 
rgin øƒ`errør) In a measurement can be ilÏustrated by the two 
metersticks shown in Eigure B.I. Both sticks are being used to 
measure the length of a table. Assuming that the zero end of each 
meterstick has been carefully and accurately positioned at the left 
end of the table, how long ¡s the table? 

The upper meterstick has a scale marked offin centimeter inter- 
vals. Using this scale, you can say with certainty that the length ¡is 
between 51 and 52 centimeters. You can say further that it is closer 
to 5l centimeters than to 52 centimeters; yOu can even estimate It 
to be 51.2 centimeters. 

The scale on the lower meterstick has more sudivisions——and therefore 
Øreater precIsion——because ït is marked offin millimeters. With this scale, you 
can say that the length ¡s deinitely between 51.2 and 51.3 centimeters, and you 
can estimate it to be 51.25 centimeters. 

Note how both readings contain some digits that are eezz2Z, and one digit 
(the last one) that is ø/7222//2. Note also that the uncertainty in the reading 
from the lower meterstick ¡s less than the uncertainty in the reading from the 
upper meterstick. The lower meterstick can give a reading to the hundredths 
place, but the upper one can give a reading only to the tenths place. The lower 
one is more ø7££2s£ than the top one. So, in any measured number, the digits telÍ 
us the 72077⁄/z of the measurement and the location o£ the decimal point tells 
us the øz£czzøz of the measurement. (Figure B.2 ¡illustrates the distinction 
between Øø7z£c/s/øø and Zcewr⁄cy.) 

Significant figures are the digits in any measurcd value that are known 
with certainty plus one fnal digit that is estimated and hence uncertain. 
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These are the digits that relect the precision of the instrument uscd to 
generate the number. They are the digits that have experimental meaning. 
The measurement 51.2 centimeters made with the upper meterstick In 
Figure B.1, for example, has three signiicant ñgures, and the measurement 
51.25 centimeters made with the lower meterstick has four significant fig- 
ures. The riphtmost digit is always an estimated digit, and only one estimated 
digit is ever recorded for a measurement. Ít would be Incorrect to report 
51.253 centimeters as the lenpth measured with the lower meterstick. This 
five-significant-fgure value has two estimated digits (the fñnal 5 and 3) and ¡s 
incorrect because it indicates a Ø7£c/s/øz greater than the meterstick can 
obrtain. 
Here are some standard rules for writing and using significant ñgures. 


Rule1 In numbers that do not contain zeros, all the dipits are signiRcanr: 
4.1327 five sipnificant ñgures 
5.14 three significant fñgures 
369 three sipnifcant ñgures 
Rulez All zeros between significant digits are significant: 
8.052 four signiicant figures 
7059 four signifiicant figures 
306 three significant ñgures 
Rule3  Zcros to the left of the fñirst nonzero digit serve only to ñx the position 
of the decimal point and are not sipenificant: 
0.0068 two sipeniicant ñgures 
0.0427 three signiiicant figures 
0.0003506 four significant figures 
Rule4 In a number that contains digits to the ripht of the decimal point, 
zeros to the ripht of the last nonzero digit are signiRcant: 
53.0 three signifcant fipures 
53.00 four significant Ññgures 
0.00200 three significant figures 
0.70050 fve sipgnificant ñgures 
Rules  Ina number that has no decimal point and that ends in one or more 
zeros, the zeros that end the number are not significanr: 
3600 two significant fgures 
290 two signiicant ñgures 
5,000,000 one significant ñgure 
10 one significant ñgure 
6050 three significant ñgures 
Rule6 WWhen a number is expressed ¡n scientifc notation, all digits in the 


coeficient are taken to be significant: 


4.6x 107 two significant fñigures 
4.60 x 107 three significant ñgures 
4.600 x 10” four signiicant figures 
3% lữ” one significant fñigure 
3.0 107 two significant fñgures 
4.00 x 107 three sipnificant ñgures 
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Good precision 
but 
pOOr acCuracy 


Poor precision 
and 
pOoOr accuracy 


Good precision 
and 
good accuracy 


FIGURE B.2 


Archery as a model for under- 
standing the difference 
between precision and accu- 
racy. Ïzc/s7øø means cÌose 
agreement in a øroup of meas- 
ured numbers; Zc£/Z⁄cy means 
a measured value that is very 
close to the true value of what 
1s being measured. [you 
measure the same thing sev- 
eral times and get numbers 
that are close to one another 
but are far from the true value 
(perhaps because your meas- 
uring device 1s not working 
properly), your measurements 
are ø7£c/se but not 4££/7⁄f. 
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YOUR 
= TURN 
How marny significant figures in 
a. 43,384 b. 43,o84 C. O.OO43O08 
d. 43,o84.o ©. 43,OOO Íf 4.3OX1O2 


Were these your answers? a. ý b. 5s c.4 d.6 e2 f3 


In addition to the rules cited above, there is another full set ofrules to be fol- 
lowed for signiRcant ñgures when two or more measured numbers are sub- 
tracred, added, divided, or multplied. These rules are summarized ¡in the 
appendix of the Cøcep£~al Cbemistry Laboratory Mlanual 


APPENDIXC 
SOLUTIONS TO ODD-NUMBERED CONCEPT BUILDERS 
AND SUPPORTING CALCULATIONS 


CHAPTER 1 


31. The Chapter Highlight questions are a simple review of the chap- 
ter. They are not designed to be challenging, but they set the stage for 
the more rigorous Concept Building questions. [you have not 
already studied the chapter and worked through the Chapter Hiph- 
light questions, you will have a more difficult time with the Concept 
Building questions, which are the types oŸ questions found on exams. 
To benefit most from the Concept Building questions you should try 
Wwriting out your answers or, better yet, explain your answers verbally 
to a friend. 


33. Biology is based upon the principles of chemistry as applied to liv- 
¡ng organisms, whereas chemistry is based upon the principles of 
physics as applied to atoms and molecules. Physics is the study of the 
fundamental rules of nature, which more often than not are rather 
simple ïn their design and readily described by mathematical formu- 
lae. Because biology sits at the top of these three sciences, it can be 
considered to be the most complex ofthem all. 


35. The members of the Chemical Manufacturers Association pledge 
to manufacture without causing environmental damage through a 
program called Responsible Care. 


37. A good scientist must change his or her mind when faced with evi- 
đencc to the contrary. Holding to hypotheses and theories that are 
either not testable or have been shown to be wrong is contrary to the 
SpIrit Of science. 


39. A hypothesis is a testable assumption often used to explain an 
observed phenomenon. A theory, however, is a sinele, but comprehen- 
sive, idea that can be used to explain a broad range of phenomena. 


41. This ¡is not unusual at all. As discussed in the answer to exercise 
33, there is much overlap between the different sciences. W/hile Baker 
is interested in how the chemicals produced by the sea butterly may 
be used for some human purpose, McClintock is interested in how the 
sea butterfy uses this chemical in its own seldefense. Here we see 
two different approaches to the same phenomenon. Aside from learn- 
¡ng from each other, studying the same system together allows these 
researchers to pool their research resources. 


43. Experimentation is a very Important aspect of science, but ït Is 
hardly the only aspect. So long as you are engaging ¡n activities that 
help to further your knowledge or your understanding ofthe natural 
environment, you are practicing science. There is, however, a reason 
science instructors like to have you perform lab experiments. Such 
experiments allow you to see for yourself the science concepts in 
acuon. This is much better than having someone simply tell you what 
waS supposcd t†O OCCUT. 


45. There are many university science professors who only rarely 
perform experiments. Instead, they oversee undergraduate, graduate, 
and postdoctoral students who perform the actual experiments. The 
pProfessor, howevcr, is still very much engaged in the many other 
aspects of the scientilc process and is by alÏ measures a professional 
SCIenfist. 


47. The performing ofexperiments is typically the most involved and 
time-consuming, as welÍ as money-consuming, activity. That said, It§ 
quite possible that the scientist mighrt instead end up devoting hoards 
oftime to other scientifc activities. 


49. A hypothesis can come at any tỉme to a scientist no matter what 
she may be doing. She could be cooking at a barbeque when suddenly 
the idea pops into her head. Again, for emphasis, there is no one pre- 
scribed method for doing science. In fact, there are as many ways of 
doïng science as there are people interested in doing science. 


51. Ifït all came from the soil, then one might expect a large holÌe to 
develop around the tree iŸ¡t were grown in a pot. Also, the weight of 
the soil in the pot should be greater when the tree is young than when 
the tree is older. 


53. Because of the great potential for error in a procedure, an experi- 
ment can only be considered valid ¡ifother scientists can reproduce it. 


55. According to the many worlds model cach conceivable possibility 
corresponds to a different universe. e can understand how the die 
lands on all values at once by concluding that the die lands on differ- 
ent values in six different universes. You have 1/6 ofa chance ofbeing 
in the universe in which the die rolled to a 6. Another you in another 
universe saw that ¡t rolled to a 5. 


57. One year is the time it takes Earth to revolve around the sun. If 
you got this correct, congratulations. You are among those who have 
a decent grasp of basic scientifc discoveries. Continue studying this 
textbook and you wilÏ soon ñnd yourselfamong the crème of the 
CTOP. 


59. Perhaps the Scientologists were also assisting ¡n the distribution of 
food and clothing and the building of shelters. The victims would 
likely perceive this as admirable. IÝ the relief efforts of the Scientolo- 
gists, however, consisted merely of passing out pamphlets and practic- 
¡ng their “touch assist” healing, then their relief eforts may have been 
perceived as questionable. If the victims` wounds healed within a few 
days, is possible that the victims may have attributed the healing to 
the touch assist. In this case, they may be more likeÌy to start reading 
the Scientology pamphlet. 


61. The volume of the car changes as welÏ as its average density. 


63. Yes, an object can have mass without having weight. This may 
occur deep In space where a foating object (with mass) would be 
“weightless.” In order to have weight, however, the object must have 
mass. So, an object cannot have weight without having mass. 


65. The mass ofa 10-kg object anywhere ¡s 10 kgl 


G7. Yes, a 2-kg iron brick has twice the mass as a I-kg block ofwood. 
Its volume, however, is a different story. One kilogram oŸwood, not 
being very dense, might occupy much more volume than a 2-kg block 
ofiron. 


69. Temperature difference determines the directlon of heat flow, 
which is always from a higher-temperature material to a lower- 
temperature material. 


AT 
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71. A swimming pool ofboiling water contains more energy than a 
cụp ofboiling water. 


73. Yes, your body will possess energy after it dies in the form of 
chemical potential energy. After a cremation, however, this amounr of 
potential energy ¡s substantially less. 


75. Temperature is a measure of the motion ofatoms and molccules. 
The minimum temperature is simply where there is no atomIc or 
molecular motion. Assuming there is no Íimit on the relative speed of 
atoms and molecules, we can deduce that there is no maximum tem- 
perature. At ultrahiph temperatures, as within a star, however, atoms 
and molecules break apart into protons, neutrons, and eÌlectrons. Ất 
higher temperatures stiÌ, as at the beginning of the universe, even 
more dramatic changes occur. In this light, we understand that there 
1s, In fact, a maximum temperature at which a material can exist 
before ít is annihilated into something else. 


77. The glass will contract when cold and expand when warmed. Fill 
the inner glass with cold water while running hot water over the outer 
lass to help separate the two. 


79. The boulders break for the same reason that a hot drinking glass 
breaks when doused with colder water or when boiling hot water is 
added to a cool drinking slass. The rapid cooling or heating causes a 
nonuniform thermal contraction or expansion of the material. WWhen 
one part contracts or expands faster than another part, the material 
tends to fracture. Glass that is “oven safe” or designed to hold hor liq- 
uids is glass that has been doped with compounds, typically boron 
compounds, that dramatically lower thermal expansion or contrac- 
tion. This glass doesnt expand or contract very welÍ upon a tempera- 
ture change and ¡s therefore resistant to fracture. 


81. The chimney expands as it contains the fire from the fñreplace and 
contracts after the fire goes out. Any weight-bearing walÏ attached to 
the chimney would experience a back-and-forth wear and tear, which 
over time would weaken the support. 


83. The swimming pool has much more energy. Consider the electric 
utility bill after heating cach of these to their respective temperatures. 


85. At 25°C there is a certain amount of thermal energy available to 
all the submicroscopic particles oFa material. If the attractions 
between the particles are not strong enouph, the particles may separate 
from cach other to form a gaseous phase. [the attractions are strong, 
however, the particles may be held together ¡n the solid phase. Ÿe can 
assume, therefore, that the attractions among the submicroscopic par- 
ticles oFa material in its solid phase at 25°C are stronger than they are 
within a material that is a gas at this temperature. 


87. Ifcach one of these particles represented a water molecule, the box 
on the left would be indicative ofice melting, which occurs at 0°. 


89. The gas particles take time to cross a room because they bump 
into cach other as well as other particles in the air. 


91. Density ¡s the ratio oFa materials mass to volume. As the mass 
stays the same and the volume decrcascs, the density ofthe matcrial 
1ncreases. 


93. Box A represents the greatest density because it has the greatcst 
number of particles packed within the given volume. Because the par- 
ticles of this box are packed close together and because they are ran- 
domly oriented, this box 1s representative of the liquid phase. Box C ¡s 
representative of the gaseous phase, which occurs for a material at 
higher tempcratures. This box, therefore, represents the highest tem- 
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perature. For most materials, the solid phase is more dense than the 
liquid phase. For the material represented here, however, the liquid 
phase is seen to be more dense than the solid phase. As ¡s explored fur- 
ther in Chapter 8, this is exactly the case for water where the solid 
phase (ice) ¡s less dense than the liquid phase (liquid water). 


95. A denser object is not necessarily always more massive. Â wedding 
ring made out of gold, for example, is more dense than a huge block of 
wood, but ít is certainly not more massive. 


97. Ice is less dense than water because it has more volume for the 
same mass, which ¡is why ice oats on water. 


99. The pressure at the bottom of the ocean is great enough to com- 
press the water balloon to a smaller volume. The density, therefore, 1s 
increased. The colder temperatures at the bottom of the ocean also 
serve to decrease the water balloons volume, hence, increase its density. 


101. Mulitply by the conversion factor to arrive at the answer: 


130 lb x 1 kg/2.205 lb = 59 kg 


103. Multiply by the conversion factor to arrive at the answer: 


1 joule 


230,000 caloieex ——“ —— 
0.239 calories 


= 960,000 joules 


105. There are zero mL of dirt in the whole, but 


5 Lx = 5000 mL of air 


107. From Table 1.4, the density ofgold ¡s 19.3 g/mL. Ủse the follow- 
¡ng formula to Ññnd the volume of the sample: 


-_M__2225 _ „1m 
D 19.3g/mL 
CHAPTER 2 


31. Neither. You simply dont yet understand the language. Likewise, 
dont assume chemistry 1s dificult because you are not yet familiar 
with its language. 


33. Ít is easy to hide a lack ofunderstanding by using big words you 
know others are not familiar with. Ifyou have truÌy mastered a con- 
cept, you should be able to explain that concept to others using a lan- 
guage that is familiar to you both. 


35. Ifyou can adequately articulate this idea to others, then you have 
passcd the ultimate test of understanding. 


37. As cach kernel ¡s heated, the water within each kernel ¡s also 
heated to the point that it would turn into water vapor. The shell of 
the kernel, however, is airtight and this keeps the water as a sSuper- 
heated liquid. Eventually, the pressure exerted by the superheated 
water exceeds the holding power of the kernel and the water bursts out 
as a vapor, which causes the kernel to pop. These are physical changes. 
The starches within the kernel, however, are also cooked by the high 
temperatures, and this is an example oFa chemical changc. 


39. The popcorn ¡n the skillet can represenr the alcohol molecules 
lying on the surface of the tabletop. As the kernels are heated, they 
eventually leave the skillet. Likewise, as the alcohol molecules absorb 
heat from the tabletop, they evaporate away from the tabletop. Do you 
see how easy ¡t is to explain the disappearance of the alcohol by sup- 
posing the existence of alcohol molecules? We ñnd that the concept of 
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molecules can be used to readily explain so many different phenom- 
cna. This is why so many people came to believe In their existence 
many years before the discovery of direct evidence. 


41. IÝ matter were continuous and NƠT made ofatoms and molc- 
cules, then this implies that there ¡s no such thíng as empty spacc! 
EFor example, just as you see no empty space when submerged in a 
swimming pool, youtd suill see no empty space If you magicalÏy got 
to be infinitely small within that swimming pool. It must have been 
mind blowing when people frst discovered that the atmospherc gets 
thinner and thinner at higher and higher altitudes, as was con- 
ñrmed by high-altitude balloon flights in the 1800s. This might 
imply that beyond the atmosphere there was empty space. Ïnterest- 
ingly, this idea was so inconceivable that most scientists at that time 
believed that beyond the atmosphere there was an essence they 
called aether. This hypothesis, of course, turned out to be wrong. 
Enough musing. Back to trying to explain the evaporation o£alco- 
hol without the idea ofatoms and molecules. Sorry, Ï cant do ít. 
Such a thoughrt is too inconceivable for your author who has been 
too entrenched in this atom and molecule concept. The evidence 
for atoms and molecules and the empty space between them is too 
overwhelming. 


43. The dye should become dispersed uniformly within the hot water 
frst. The higher the temperature, the greater the average kinetic 
energy of the molecules. Because the molecules within the hot water 
are moving faster, they have a quicker effect on the dye of the Kool- 
aid crystals. Furthermore, the hot water will tend to have more con- 
vection currents that will also help to distribute che dye throughout 
the water. 


45. As suggested by Figure 2.17, sugar molecules are much more mas- 
sive than are water molecules. As such, they have more inertia and are 
not moving so fast as are the water molecules of the same temperature. 
In a sense, they “impede” the dispersion of the dye throughout the 
glass. This is why you can expect the ølass containing distilled water to 
become uniform ¡in color frst. 


47. The 50 mL plus 50 mL do not add up to 100 mL because within 
the mix, many of the smaller BBs are able to fit within the pockets of 
space that were empty within the 50 mL of large BBs. 


49. Boiling down the maple syrup involves the eyaporation of water. 
As the syrup hits the snow ít warms the snow, causing ít to melt while 
the syrup becomes more viscous. Thhese are alÏ examples of physical 
changes. Interestinply, as the maple syrup ¡s boiled the sugar within 
the syrup begins to carmelize, which is an example ofa chemical 
change. 


51. Across any period (horizontal row), the properties of elements 
gradually change until the end of the period. The next element in the 
next period has properties that are abruptly different. 


53. That this process is so reversible suggests a physical change. As 
you sÌeep ¡n a reclined position, pressure ¡s taken ofF of the discs 
within your spinal column, which allows them to expand so that you 
are significantly taller in the morning. Astronauts returning from 
extended space visits may be up to two inches taller upon their 
return. 


55. The atoms are connected differently in B than they are in A, 
which means that this represents a chemical chang. 


57. The change from A to B represents a physical change because no 
new types of molecules are formed. The collection ofblue/red mole- 
cules on the bottom of B represents these molecules In the liquid or 
solid phase after having been in the gaseous phase in A. This must 
occur with a decrease in temperature. Ất this lower temperature, the 
purely red molecules are still in the gaseous phase, which means that 
they have a lower boiling point, while the blue/red molecules have a 
higher boiling point. 

59. The ones that have atomic symbols that dont match their 
modern atomic names. Examples include iron, Ee; gold, Au; and 


coppcer, Cu. 
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61. No, it doesnt follow that what is good for you in smalÏ quantities 
is also good for you in large quantites. Small amounts ofaspirin can 
cure a headache or help protect against heart disease. Eating the whole 
bottle ofaspirin, however, is lethal. Likewise, brcathing air that is 

21 percent oxygen is good, but breathing 100 percent oxygen for 
exrended times can be damaging because oxygen, Ô›, is a rather reac- 
tive molecule. Ioo much of it can cause a multitude oÊunwanrcd side 
effects, including premature aging. 


63. A percentage ¡s transformed into a fraction by dividing by 100. To 
ñnd 50 percent of something, for example, you multiply that some- 
thing by 0.50, which ¡s 50/100. The percentage 0.0001 percent trans- 
forms into the fraction 0.000001, which when multiplied by 1 x 10“ 
equals 1 x 10'Ẻ. 


65. There are certainly a lot of pesticide molecules in your glass oŸ 
water. The number ofwater molecules, however, far exceeds this num- 
ber (see exercise 67) and so these pesticides are not problematic. As an 
analogy, consider that there were about 12 billion pennies minted in 
1990. This ¡s certainly a lot of pennies, but they are still, nonetheless, 
relatively rare because the total number of pennies in circulation is far 
greater—on the order of over 300 billion. 


67. Find the number ofwater molecules in the glass and then compare 
them to the number of impurity molecules. According to exercise 63, 
there are a trillion trillion water molecules in a glass of water. IÝ this 
water is 99.9999 percent pure, then ¡t also contains a million trillion 
impurity molecules. A trillion trillion ¡s a million times more than a 
million trillion, therefore, there are a million times more water mole- 
cules than there are impurity molecules. In other words, for every mil- 
lion water molecules, there is only one impurity molecule. Thus, in a 
sample ofwater that is 99.9999 percent pure, the number of water 
molecules far exceeds the number ofimpurity molecules, even though 
there are trillions of each. 


69. Salt, sodium chloride; classiication: compound. Stainless steel, 
mix ofiron and carbon; classification: mixture. lap water, dihydrogen 
oxide plus impurities; classification: mixture. Sugar, chemical name: 
sucrose; cÌassification: compound. Vanilla extract, natural product; 
classification: mixture. Butter, natural product; classification: mixture. 
Maple syrup, natural product; classification: mixture. Aluminum, 
metal; classification: in pure form——element (sold commercialÌy as a 
mixture oŸ mostly aluminum with trace metals, such as magnesium). 
Ice, dihydrogen oxide; classification: in pure form——compound; when 
made from impure tap water—mixture. Milk, natural product; classi- 
fñcation: mixture. Cherry-favored cough drops, pharmaceutical; clas- 
sifcation: mixture. 


Z1. Box A: mixture. Box B: compound. Box C: element. There are 
three different types of molecules shown altogether in all three boxes: 
one with rwo open circles joined, one with a solid and open circle 
joined, and one with two solid circles joined. 


73. The atoms within a compound are chemically bonded together 
and do not come apart through the course oFa physical change. The 
components ofa mixture, however, may be separated from each other 
by physical means. 


75. The chemical property involves a chemical change. Through a 
chemical change, the material changes its fundamenral identity. Thus, 
you may have separated it, but now it is something else, which means 
that you need to convert it back to what it was through a second 
chemical change. This can be an energy- and time-intensive process 
that is much less efficient than separating based upon differences in 
physical properties. 

77. A centrifuge can be used to determine iŸa mixturc is a solution or 
a suspension because ¡t wiÌÍ sebarate the components oỂa suspension. 
79. Box “C”. Remember these are all submicroscopic viewpoints. 
WWhat may be depicted in C” ïs the interface between a solid and liq- 
uid phase within a suspension. 

81. Box “C” shows a pure material, which may be indicative ofa 
compound. 
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83. Based upon it location ¡n the periodic table we ñnd that gallium, 
Ga, is more metallic in character than germanium, Ge. This means that 
gallium should be a better conductor ofelectricity. Computer chips man- 
ufactured from gallium, therefore, operate faster than chips manufac- 
tured from germanium. (Gallium has a loöw melting point of30°C, 
which makes ít impractical for use in the manufaäcture ofcomputer chips. 
Mixtures ofgallium and arsenic, however, have found great use in the 
manufaäcture ofultrafast, though relativcly €xpensive, computer chips.) 


85. Helium ¡s placed over to the far right-hand side of the periodic 
table in group 18 because ¡t has physical and chemical properties most 
similar to those of the other elements of group 18. 


87. Calcium ïs readily absorbed by the body for the building ofbones. 
Since calcium and strontium are in the same atomic øroup, they have 
similar physical and chemical properties. The body, therefore, has a 
hard time distinguishing berween the two and strontium ¡is absorbed 
just as though it were calcium. 


89. Dirt is a mixture of chemical compounds and much more. The 
periodic table is used to show elements, which are materials that con- 
sist ofonly one kind ofatom. 


91. The periodic table ¡s a reference to be used, not memorized. You 
need not memorize the periodic table any more than you need to 
memorize a dictionary. Both the periodic table and the dictionary 
should be readily available to you when you need them. 


93. Fruit punch is a mixture and mixtures can be separated into their 
components by differences in physical properties. Initially, freezing 
water molecules selectively bind to themselves to form ice crystals. 
This excludes the sugar molecules. The effect ¡s that the liquid phase 
loses water molecules to the ice crystals. The proportion oỂsugar mol- 
ecules in the liquid phase, therefore, increases, which makes the liquid 
phase taste sweeter. Upon complete freezing, the sugar become 
trapped within the ice crystals and the frozen juice can be used as a 
popsicle. Suck hard on a frozen popsicle, however, and you] ñnd that 
only the concentrated sugar solution pulls into your mouth. 


95. The changes that occur as we age involve the chemical re-formation 
ofour biomolecules. These are chemical changes. 


97. The drug companies could argue that the cost oỂ researching and 
developing the drugs was most expensive. The high price of the drugs 
would allow these companies to recoup their losses and thus remain in 
business to produce even more wonder drugs. Also, ¡f the demand for 
these drugs is very high, then people would be willing to pay the hiph 
prices. Furthermore, the cost oŸ keeping someone alive via more tradi- 
tional means is already very expensive. The drug companies could use 
this expense as a starting point for their pricing structure. For exam- 
ple, ft costs $10,000 to keep you alive without the drug, then they 
could charge you $9,000 for the drug. Their advertisements could 
focus on the fact that not only are they saving your life but they are 
saving you $1,000 as well. What a deall 


99. Sclentists are as welÏ equipped to answer the question of how to 
increase the human life span as they are to answer how to get Crops to 
be more productive, or how to create better medicines, or how to 
make our water safer to drink. The problem ofgetting food and medi- 
cỉne to the needy is better addressed by the politician. Scientists, how- 
ever, like all citizens, are free to help with worthy causes as they see fit 
to the best of their abilities. 


101. The difference berween these two concentrations is 950 ppm or 
950 milligrams per liter. The amount o£salts added to the river water 
1s 050 milligrams. 


103. A concentration o£0.16 ppt is 0.16 nanograms per liter. Convert 
nanograms to milligrams by the following equalities: Ì gram = 102 mg, 
l gram = 102 ng. 
(0.16 ng)(1 gram/10” ng)(10” mg/1 gram) = 1.6 107” mg = 
0.00000016 mg 
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105. The concentration ofchlorine in drinking water tends to 
decrease as it leaves the water treatment plant because oŸ€vaporative 
processes but also because the chÏorine ïs reacting with the organIc tis- 
sues of bacteria. The greater the bacterial content, the quicker the 
chlorine concentration decreases. Technicians can gauge the bacterial 
content ofwater by monitoring changes in chÏorine concentration 
along the delivery system. 


CHAPTER 3 


31. The cat leaves a trail of molecules across the yard. These molecules 
leave the ground and mix with the air, where they enter the dog”s nose, 
activatineg the sense of smell. 


33. The atoms in the baby are just as old as those in the elderly per- 
son—all appreciably older than the solar system. 


35. You are a part oF every person around you in the sense that you are 
composed ofatoms that at one time were part oỂ not onÌy every person 
around you but also every person who ever lived on Earthl 


37. The moisture of the puddle combines with the heat of the sun to 
form aïr. 


39. That the heat of the Ñame causes the air to become moist is 
counter to Aristotles model of matter. 


41. That two forms of “water” could combine to produce heat ¡s 
counter to Aristotles model of matter. In Chapter 9, the atomic 
model ïs used to explain how the combining oftwo molecules can 
give rise to heat. 


43. A material that arises from a compound may or may not be ele- 
menral. The only way to fnd out is to perform further experiments 
that attempt to create two or more new substances out oỂ that one. 


45. Lavoisier øðserzez/ that tin gained mass as it decomposed into a 
gray powder and 4s£eZhow that could happen. He #y2ø/#es/zeZ that 
the tin gained mass because it absorbed something from the air. He 
then 2z¿2;crez that ¡f he could keep track ofair volume as this reaction 
took place, he would fnd a change ¡in air volume. He Ze⁄¿Zhis predic- 
tion by heating a piece of tin foating on a wood block enclosed by a 
glass container. After observing that the volume ofair surrounding the 
tin đecreased by 20 percent, Lavoisier z£øz7zeZ that 20 percent of the 
air is made oFa gaseous compound that reacts with tin. 


47. Moving from left to right would be representative of Priestleys 
production ofoxygen gas Írom mercuric oxide. Moving from right to 
left would be representative o£ Lavoisiers experiment in which tin 
reacted with atmospheric oxygen. 


49. The atoms of the gasoline transform into the atoms of the exhaust 
fumes, which escape into the atmosphere. The atoms literally go into 
the gas tank and then out the exhaust pipe. The atoms are conserved, 
but the gasoline isrt. 


51. The vinegar helps the steel wool to rust. As the steel wool rusts it 
absorbs the oxygen found within the sealed bottle. As the oxygen is 
lost to the iron, the pressure on the inside of the bottle decreases. 
The greater outside atmospheric pressure pushes the balloon inward 
and eventually causes the balloon to infate in an inverted manner. 
Look into the balloon through the mouth of the bottle and you can 
actually see what it looks like on the inside ofan inflated balloon. 
Try ¡d 

53. Five containers and 5 lids can combine to produce 5 covered con- 
tainers. Five containers and 7 lids will also produce 5 coverered con- 


tainers (2 lids are left over). Seven containers and 3 lids will produce 
only 3 covered containers (with 4 containers left over). 


55. Forty-two grams of containers is 3 containers, while 42 grams of 
lids ¡s L4 lids. Three containers and 14 lids can produce 3 covered 
containers. The combined mass of these 3 covered containers is 

51 grams. Do you see how containers and lids react in a l:1 ratio by 
number but in a 14:3 ratio by mass? 
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57. Ninc grams of water will be formed. 


59. From left to right: D, B, A, C. The reaction sequence is as follows: 


‹999:90_—>› 3% 3® 


4A B 2C 


SG 


+ $8 —> 39 39 3 3% 
B 


4D 


61. Elements Compounds 


@ substaneA $3⁄9 SubstanceC 
@9@ substance B 39 substance D 


63. Avogadro correctly assumed that equal volumes ofoxygen gas and 
water vapor contain equal numbers of particles. To account for the 
fact that the volume ofoxygen has more mass than the volume of 
water vapor, Avogadro hypothesized that cach particle oŸoxygen gas 
consists of two oxygen atoms bound together into a single unit that we 
know today as an oxygeen molecule, ©„. Ñ/ith two oxygen atoms per 
particle, a volume oFoxygen gas is more massive than an cqual volume 
o£water vapor, which has only one oxygen atom per particle (along 
with two lightweight hydrogen atom§). 


65. For the first reaction, the box on the far right should show the 
same thing as the box adjacent to ir—ten HCI molecules. Each box 
contains 36.5 grams of HC]. For the second reaction, there is insuffi- 
cient hydrogen to react with all the chlorine. Thus only 36.5 grams of 
hydrogen chloride forms. The box on the far right should show the 
fve unreacted Cl; molecules. Their combined mass is 35.5 øsrams. 


67. The 1 Lof monoatomic nitrogen, N, would combine with the 3 L 
of monoatomic hydrogen, H, to produce 1 L ofammonia, NH¡. 


69. Hydrogen and oxygen are diatomic molecules——two atoms per 
molecule. 


71. According to Cannizzaro5 interpretation of Avogadros hypothesis, 
the same volumes ofany two gases have the same number of particÌes, 
provided they are at the same pressure and temperature. The number 
ofatoms within 1 liter oFoxygen, therefore, is the same as the number 
ofatoms within 1 liter oFhydrogen. To fnd the relative mass, you 
need only divide the two masses. Chlorine atoms, therefore, are 

3.165 g/0.0900 g = 35.2 times more massive than hydrogen atoms. 

In other words, chlorine has a mass of 35.2 relative to hydrogen. This 
number is slightly different from the number that appears under chÏo- 
rine in the periodic table. It was decided in the mid-20th century that, 
by convention, all masses listed in the periodic table would be relative 
to the carbon-12 isotope. Chlorine, therefore, has a mass of 35.453 
relative to the carbon-12 isotope. 


73. Throughout the development of modern chemistry, there were 
numerous instances where investigators clung tightly to the ideas of 
the past. One example presented ¡n this chapter was the reluctance of 
Dalton and other early chemists to accept Avogadros hypothesis of the 
diatomic nature ofoxygen and hydrogen. There are many other exam- 
ples that the text didrt have the time to go into. Boyle, for cxample, 
held on to Artistotles notion that there was onÌy one form o£ matter 
and that this “one form” took on different “qualitles” to make up the 
materials around us. Priestley refused to believe LavoisierS explanation 
that his new gas was a new element absorbed by materials as they 
burned. Instead, Priestley used the ideas o£his predecessors in stating 
that the “new air” he had generated was a form ofair that lacked an 
“essence” that materials ze/zzse as they burn. Fire burned brighter in his 
air because it rapidly absorbed this essence as the essence was released 
by the burning material. 


75. The youngest was Gay-Lussac, who in 1808 at the age of 30 
showed that gases react in definite volume ratios. More significantly, 
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you should recognize that most of these invcstigators werc in their 30s 
at the time of their noted scientifc contribution (average age about 
37). Thus ¡t is In science that a personS greatest contributions typically 
are made when she or he is young and not yet fully established in a 
ñeld. Fresh ideas come Írom Íresh minds. 


77. IÝ the particles had a greater charge, they would be bent more 
because the deflecting force ¡s directly proportional to the charge. (If 
the particles were more massive, they would be bent lcss by the mag- 
netic force—obeying the law of inertia.) 


79. The force upwards on the ping-pong ball must be equal and oppo- 
site to the weight of the ping-pong, ball. The force exerted by the wind 
on the ping-pong ball, therefore, is l ounce in an upward direction. 


S1. As with MIHikans oil droplet experiment, the operator may con- 
clude that the smallest fundamenral unit of weighr ¡s the multiple of 
all these measurements, which would be 5 ounces. The weight of the 
marble is analogous to the charge on an electron and the force of the 
wind is analogous to the strength of the electric ñeld that pulled 
upwards against the force oŸ gravity. 


83. The neon sign is a fancy cathode ray tube, which means that the 
ray oflight is the result of the fow ofelectrons through the tube. A 
magnet held up to these owing electrons alters their path, which 
shows up as a distortion of the light ray. 


85. The one on the far right, where the nucleus is not visible. 
87. The resulting nucleus would be that ofarsenic, which is poisonousl 


89. The iron atom ¡s electrically neutral when ¡t has 26 electrons to 
balance its 26 protons. 


91. Carbon-13 atoms have more mass than carbon-12 atoms. Because 
Of this, a given mass of carbon-13 contains fewer atoms than the same 
mass ofcarbon-12. Look at it this way——golf balls have more mass 
than ping-pong balls. So, which contains more balls: 1 kilogram of 
golfballs or 1 kilogram ofping-pong balls? Because ping-pong balls 
are so much lighrer, you need many more of them to get 1 kilogram. 


93. Protons, which are nearly 2000 times more massive than electrons, 
contribute much more to the mass ofan atom. Protons, however, are 
held within the atomic nucleus, which ¡s only a tiny, tỉny fraction of 
the volume of the atom. The size of the atom ¡s spelled out by the elec- 
trons, which sweep through a relatively large volume oỂspace sur- 
rounding the nucleus. 


95. From the periodic table we see that a carbon atom has a mass of 
about 12 amu. The carbon dioxide molecule, CO›, consists oFone 
carbon atom bonded to two oxygen atoms for a total mass ofabout 
44 amu. 


97. The air we exhale is somewhat more massive than the air we inhale 
because it contains a greater proportion of the heavier carbon dioxide 
molecules. Interestingly, the added water vapor ¡in our exhaled breath 
1s less massive than the oxygen that ¡t replaced, but not enough to 
counteract the much greater mass of the carbon dioxide. Breathing 
causes you to lose weight. 


99. Yes, this textbook ¡s made ofabout 99.9 percent empty space. Ín 
fact, anything made ofatoms is mostÌy empty space, including our 


bodies. 


101. Eight grams ofoxygen wilÏ react with only 1 gram of hydrogen to 
produce 8 + I = 9 srams of water. Because only I sgram of the hydro- 
gen reacts, there is 8 — 1 = 7 grams of hydrogen Íeft over. 


103. Mass Fraction of 
(amu) Abundance 
Mass of °Li 6.0151 x0.0742 = 0.446 
Mass of ”Li 7.0160 x 0.9258 = 6.495 


6.941 amu 


104. A 50:50 mix of Br-80 and Br-81 would resuÌt in an atomic mass 
ofabour 80.5, while a 50:50 mix of Br-79 and Br-80 would result in 
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an atomic mass ofabout 79.5. Neither of these is as close to the value 
reported ¡n the periodic table as is a 50:50 mix of Br-79 and Br-81, 
which would result in an atomic mass of about 80.0. The answer 1s (c). 


CHAPTER 4 


31. Kelvin was not aware of radioactive decay, a source O €nergy to 
keep Earth warm for billions oÊyears. 


33. A radioactive sample is always a little warmer than its surround- 
ings because the radiating alpha or beta particles impart internal 
energy to the atoms of the sample. (Interestingly enouph, the heat 
energy of Earth oripinates with radioactive decay of Earth5 core and 
surrounding material.) 


35. An alpha particle undergoes an acceleration due to mutual electric 
repulsion as soon as ït is out oÊ the nucleus and away from the attract- 
¡ng nuclear force. This is because ¡t has the same sign of charge as the 
nucleus. Like charges repel. 


37. Alpha and beta rays are defected ¡in opposite directions in a mag- 
netic field because they are oppositely chargedalpha rays are positive 
and beta rays are negative. Gamma rays have no electric charge and are 
therefore undeflected. 


39. Alpha radiation decreases the atomic number of the emitting ele- 
ment by 2 and the atomic mass number by 4. Beta radiation increases 
the atomic number ofan element by 1 and does not affect the atomic 
mass number. Gamma radiation does not affect the atomic number or 
the atomic mass number. So alpha radiation results in the greatest 
change in atomic number, and hence charge, and mass number as well. 


41. They repel by the electric force and attract each other by the 
strong nuclear force. The strong force predominates. (Ifit didnt, there 
would be no atoms beyond hydrogen!) IÝ the protons are separated to 
where the longer-range electric force overcomes the shorter-ranpe 
strong force, they fy apart. 


43. The mass of the element is 157 + 104 = 261. Its atomic number is 
104, a transuranic element recently named rutherfordium. 


45. Only gamma rays are able to penetrate the metal hull ofan air- 
plane. Flight crews are required to limit their Ñying time so as to mini- 
mize the potential harm caused by the signifcant radiation at hiph 
altitudes. Recall from the text that a single Ñight from New York to 
Los Angeles exposes cach human in the plane to about as much radia- 
tion as a chest X ray. 


47. Alpha particles are, ñrst of all, much bigger ¡n size than beta parti- 
cles, which makes them less able to pass through the “pores” oÊ materi- 
als. Second, alpha particles are enormously more massive than beta 
particles. So iFbeta particles have the same kinetic energy, they must 
be moving considerably faster. The faster-moving and smaller beta 
particles are therefore more effective in penetrating materials. 


49. To decay to about one-sixteenth the original amount would take 
5 halElives, which in this case equals 120 years. 


51. When radium (A = 88) emits an alpha particle, its atomic number 
reduces by 2 and becomes the new element radon (A = 86). The 
resulting atomic mass is reduccd by 4. I£ the radium was of the most 
common isotope, 226, then the radon isotope would have atomic 
mass number 222. 


53. An element can decay to elements of greater atomic number by 
emitting electrons (beta rays). When this happens, a neutron becomes 
a proton and the atomic number Increases by . 


55. Agree with your friend who attributes helium to alpha particles. 
Itš true, alpha particles emitted by radioactive isotopes in the pround 
slow down and stop, capture two electrons, and become helium 
atoms. Qur supplies ofhelium come from underground. Any helium 
¡n the atmosphcre is dissipated ro spacc before long. 

27. Earths natural energy that heats the water in the hot spring is the 


energy of radioactive decay. Just as a piece of radioactive material is 
warmer than its surroundings due to thermal agitatlon from radioac- 
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tive decay, the Interior of the Earth ¡s similarly warmed. The great 
radioactivity in Earth5 interior therefore heats the water, but doesnit 
make the water 1tselÝ radioactive. The warmth of hot springs is one of 
the “nicer effects” of radioactive decay. 


59. Although there is signiRcantÌy more radioactivity in a nuclear 
power plant than in a coal-fired power plant, almost none oŸit escapes 
from the nuclear plant, whereas most of what radioactivity there ¡s In a 
coal-fired plant does escape, through the stacks. As a result, a typical 
coal plant injects more radioactivity into the environment than does a 
typical nuclear plant. All nukes are shielded; coal plants are not. 


61. The irradiated food does not become radioactive as a result of 
being zapped with gamma rays. This is because the gamma rays lack 
the energy to initiate the nuclear reactions in atoms ¡in the food that 
could makke them radioactive. 


63. Radium ¡s a “daughter” element, the result of the radioactive decay 
oflong-lived uranium. 


65. Radioactive decay rates are statistical averages of large numbers of 
decaying atoms. Because of the relatively short halfˆlife of carbon-14, 
only trace amounts would be left after 50,000 years—too little to be 
statistically accurate. 


67. At 3:00 p.m. there will be 1/8 g left over. At 6:00 p.m. there wilÏ 
be 1/64 g left over. At 10:00 p.m. there will be 1/1024 g left over. 


69. One-sixteenth will remain after 4 halfFlives, so 4 x 30 = 120 years. 


71. Eight alpha particles and six beta particles are emitted in the decay 
chain from U-238 to Pb-206. (The numbers are the same for the 
aÌternate routes.) 


73. Unenriched uranium——which contains more than 99 percent of 
the nonfissionable isotope U-238——=undergoes a chain reaction only ¡f 
1t is mixed with a moderator to slow down the neutrons. Uranium in 
ore is mixed with other substances that impede the reaction and has 
no moderator to slow down the neutrons, so no chain reaction occurs. 


75. Nuclear fission is a poor prospect for powering automobiles pri- 
marily because of the massive shielding that would be required to pro- 
tect the occupants and others from the radioactivity and the problem 
of radioactive waste disposal. 


Z7. (Another ratio of surface area to volume application.) Surface area 
for a given volume decreases when small pieces oÊ material are assem- 
bled. (Its easier to see the opposite process where surface area for a 
given volume is increased when big pieces are broken up into little 
pieces; for example, you break a sugar cube into littÌe pieces to Increase 
the surface area exposed to tea for quick dissolving.) In the case of ura- 
nium fuel, the process oFassembling small pieces into a single big 
pIece decreases the surface area, reduces neutron leakage, and increases 
the probability ofa chain reaction and an explosion. 


79. Plutonium has a short halfFlife (24,360 years), so any plutonium 
Initlally in Earth crust has long since decaycd. The same is true for 
any heavier elements with even shorter half-lives from which pluto- 
nium might originate. Trace amounts of plutonium can occur natu- 
rally in U-238 concentrations, however, as a result oŸ neutron capture, 
where U-238 becomes U-239 and after beta emission becomes Np- 
239 and after further beta emission becomes Pu-239. (There are ele- 
ments in Earth§ crust with halfˆ]ives even shorter than plutoniumsS, 
but these are the products of uranium decay——between uranium and 
lead in the periodic table ofclements.) 


61. When a neutron bounces from a carbon nucleus, the nucleus 
rebounds, taking some energy away from the neutron and slowing it 
down so it will be more effective in sttmulating fssion events. A lead 
nucleus is so massive that it scarcely rebounds at all. The neutron 
bounces with practically no loss ofenergy and practically no change of 
speed (like a marble from a bowling ball). 


83. Because fissionable Pu-239 ¡s formed as the otherwise inert U-238 
absorbs neutrons from the ñssioning U-235. 


85. To predict the energy release ofa nuclear reaction, simply fnd the 
difference in the mass of the beginning nucleus and the mass of its 
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conÑguration after the reaction (either fission or fusion). Thĩs mass 
difference (called the “mass defect”) can be found from the curve of 
Eigure 4.31 or from a table of nuclear masses. Multiply this mass diÊˆ 
ference by the speed of light squared: #= z7. Thats the energy 


releasel 


87. Ifuranium were split into three parts, the segments would be 
nuclei of smaller atomic numbers, more toward iron on the graph of 
Figure 4.29. The resulting mass per nucleon would be less, and there 
would be more mass converted to energy ¡n such a ñssioning. 


89. The mass of an atomic nucleus is less than the masses of the sepa- 
rate nucleons that compose it. Qne way to see why is to think about 
the work that must be done to separate a nucleus into its component 
nucleons. This work, according to E= zzc”, adds mass to the system, so 
the separated nucleons are more massive than the nucleus from which 
they came. Notice the large mass per nucleon ofhydrogen ¡in the 
graph of Figure 4.31. The hydrogen nucleus, a single proton, is already 
“outside” in the sense that it is not bound to other nucleons. 


91.No. U-235 (with its shorter halflife) undergoes radioactive decay 
six times faster than U-238 (hal£life 4.5 billion years), so natural ura- 
nium in an older Earth would contain a much smaller percentage of 
Ủ-235, not enoueh for a critical reaction without enrichment. (Con- 
versely, in a younger Earth, natural uranium would contain a greater 
percentage of U-235 and would more easily sustain a chan reaction. 
Interestinply, there is evidence that several billion years ago, when the 
percentage of U-235 in uranium ore was greater, a natural reactor 


existed in Gabon, WWest Africa.) 


93. Splitting light nuclei (which happens in particle accelerators) cOsts 
energy. The total mass of the products therefore, is greater than the 
total mass of the initial nucleus. 


95. Although more energy is released in the fissioning ofa single 
uranium nucleus than in the fusing ofa pair of deuterium nuclei, 
the much greater number of lighter deuterium atoms in a gram of 
matter comparced to the fewer heavier uranium atoms ¡in a gram 

Of matter results in more energy liberated per gram for the fusion of 
deuterium. 


97. A hydrogen bomb produces a lot of ñssion energy as welÏ as 
fusion energy. Some of the fission is in the fssion bomb “trigger” used 
to ignite the thermonuclear reaction and some is in fssionable mate- 
rial that surrounds the thermonuclear fuel. Neutrons produced in 
fusion cause more fission in this blanket. Fallout results mainly from 
the fssion. 


99. You dont get something for nothing. There is great misunder- 
standing about hydrogen. To release it from water or other chemicals 
costs more energy than you get back when you burn ¡t. Hydrogen 
represents stored energy, like a battery. Its made in one place and 
used ín another. It burns without pollution, a big advantage, but it 
should be regarded as a storage and transport medium for energy, not 
as a fuel. 


CHAPTER 5s 


31. Answer: C 


33. According to the scales provided ¡n Figure 5.2, the diameter of the 
atom ïs about one-tenth the length of 107” meter, which is about 

10ˆ”° meter. Similarly, the diameter of the bacterium ¡is roughly half 
o£107°, which ¡s about 5 x 1077. The diameter of the bacterium, there- 
fore, is about (5 x 10”)/10””° = 5000 times larger. Rather than com- 
paring their diameters, however, it is more meaningful to compare their 
volumes. Assume that the bacteria is a sphere, like the atom, and we 
can use the formula for the volume o£a sphere, which is W= Pu Ể For 


the volume of the bacterium, = $(5000)(5000)(5000) = 7X 1019, 


Eor the volume of the atom, W= $1(0.5)(0.5)(0.5) = 0.5. The volume 
of the bacterium, therefore, is about (7 x 10`9)/0.5 = 1 x 10””, which ¡s 
rouehly 100,000,000,000, or 100 billion times larger. 


SOLUTIONS TỔ ODD-NUMBERED CONCEPT BUILDERS AND SUPPORTING CALCULATIONS A13 


35. We sec an obJect when visible light scatters off the object. Scat- 
tercd light that reaches our eyes from various parts and angles of the 
object reveals the shades and hues of the obJect. An atom cannot be 
seen ¡n the usual sense because the atom is too small to sufficiently 
scatter light back to our eyc. This doesnt mean, however, that the 
atom cant be a source of light ¡tself. In fact, any charged object, 
including the smallest atom, generates electromagnetic waves as it 
vibrates. When we observe the visible spectrum ofan element, what 
we are seeing is the visible light emitted by many, many atoms oŸ the 
same elemenr all vibrating at characteristic Írequencies. 


37. Atoms are smaller than the wavelengths of visible light and hence 
they are not visible in the true sense of the word. ÑWe can, however, 
measure the topography ofa collection oFatoms by scanning an elec- 
tric current back and forth across the topography. The data from such 
scanning can be assembled by a computer into an image that reveals 
how individual atoms are organized on the surface. It would be more 
appropriate to say that with the scanning tunneling microscope we 
“*feel” atoms, rather than “see” them. 


39. They all interact with each other. 


41. Many objects or systems may be described just as well by a physi- 
cal model as by a conceptual model. In general, the physical model is 
used to replicate an objcct or system of objects on a different scale. 
The conceptual model, by contrast, is used to represent abstract ideas 
or to demonstrate the behavior oŸa system. Of the examples given in 
the exercise, the following might be adequately described using a phys- 
ical model: a gold coin, a car engine, and a virus. The following might 
be adequately described using a conceptual model: a dollar bill (which 
represents wealth but ¡s really only a piece of paper), air pollution, and 
the spread o£a sexually transmitted disease. 


43. The greater the frequency ofa photon oflight, the greater the 
energy packed into that photon. 


45. When no light hits the eye we see no color. All we see is black, 
which ¡is not a color, but is simply the absence of color. 


47. The electron. 


49. The one electron can be boosted to many energy levels, and there- 
fore make many combinations of transitions to lower levels. Each 
transition is oFa specific energy and accompanied by the emission oFa 
phoron ofa specific frequency; thus the variety of spectral lines. 


51. In accord with the conservation of energy, the combined energies 
cqual the energy of the single transition. (Thus the sum of the fre- 
quencies oflight emitted by the two steps will equal the frequency of 
light emitted with the one long step.) 


53. The blue frequency ¡s a higher frequency and therefore corre- 
sponds to a higher energy level transition. 


55. An electron not restricted to particular energy levels would release 
light continuously as it spiraled closer into the nucleus. A broad spec- 
trum öfcolors would be observed rather than the distinct lines. 


57. It takes no time at all for thís transition to occur. Ít is instanta- 
neous. Ất no point ¡s the electron found in between these two orbitals. 


59. Because ofits wave nature, it would be better to say that the elec- 
tron actually exists in both lobes at the same time. 


G1. Electromagnetic radiation behaves both as a wave and as a particle, 
depending on the circumstance. 


63. The electromagnetic radiation ¡s showing ¡ts particulate nature 
when atoms only absorb or emit light in units of photons. When the 
electromagnetic radiation bends into a gÌass prism, ¡t is behaving like a 
wave, similar to how water waves bend when they pass at an angle 
from deep water into shallow water. 


65. The dimensions of the car and the nature of the materials of the 
car dictate that there will be certain frequencies that reinforce them- 
selves upon vibration. When the vibration of the tires matches the 
cars “natural frequency” the result ¡s a resonance, which ¡s self- 
reinforcing waves. The wave nature of the car, however, is simply duc 
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to the back-and-forth vibrations of the materials of the car. The wave 
nature of the electron, on the other hand, ¡s entirely different. For the 
electron moving at very hiph speeds, some of its mass is converted to 
cnergy, which is manifest in its wave nature. Given the dimensions of 
the atom, certain frequencies of the electron will also be “natural,” that 
1s, sclFreinforcing. The vibrating car, thereforc, is analogous to one of 
the cnergy levels of the electron, which ¡s the point at which the elec- 
tron forms a self-reinforcing standing wave. 


67. The gorbitals are not commonly discussed by chemists because 
there are no known elements that have enough electrons in the pround 
state to occupy the £orbitals. 


69. An clectron in a 3s orbital has more potential energy than an elec- 
tron in a 2ø orbital. 


Z1. The difference between these two transitions is that the beryllium 
has a stronger nuclear charge. Boosting berylliumS electron away from 
the nucleus, therefore, requires more energy. 

73. According to the model presented in the text, electrons fll lower- 
energy orbitals before entering higher-cnergy orbitals. The electron 
confguration for carbon shown on the righr side, 192g 2p, shows that 
one of the 2s electrons has been boostcd to a higher-energy 2ø orbital. 
Thịs confguration, therefore, represents a øreater amounr of energy. 
75. Lowest energy: 1s?2s”2p”. Highest energy: 1:”2s”2ø”3s” 


775 


Sodium,Na Rubidium, Rb 


Chlorine, Cl 


Krypton, Kr 


79. The electron confguration oÊ the higher energy ¡s (b) 
1;22s72/°3;°3p'. Both of these electron conlgurations represent 
the sodium atom. 


81. They have similar energy levels and so are grouped within the 
same shell of orbitals, which ¡s the fourth shell. 


83. Ít is simpler and easier to understand. 


85. The effective nuclear charge for an outermost shell electron in Ñu- 
orine is 9 — 2 = 7. The effective nuclear charge for an outermost shell 
electron in sulfur is 16 — 10 = 6. 


87. A bromine atom Ïoses its outermost electron more easily because 
thís electron experiences a weaker effective nuclear charge than does 
the outermost electron of the krypton atom. 


89. An orbital ïs just a region of space In which an clectron oFa given 
energy level resides. [is region of space exists with or without the 
electron. The same logic applies to a shell, which is just a collection of 
orbitals of similar energy levels. The space deñned by the shelÏ exists 
whether or not an electron 1s to be found there. 
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91. NeonS outermost shell ¡s already filled to capacity with eÌlectrons. 
Any additional electrons would have to occupy the next shelÏ out, 
which has an effective nuclear charge of zero. 


93. An electron in the outermost shell ofsodium experiences the 
greatest effective nuclear charge because it is closer to the nucleus and 
electric forccs diminish over distance. 


95. Increasing ionization energy: Pb < Šn < As<P 


97. Potassium has one electron in its outermost occupicd shell, which 
1s the fourth shell. The effective nuclear charge within this shelÏ is rela- 
tively weak (+1) and so this electron ¡s readily lost. A second electron 
would need to be lost from the next shell inwards (the third shell), 
where the effective nuclear charge is much stronger (+9). Thus, it is 
very difficult to pulÍ a second elcectron away from the potassium atom 
because this electron is being held so tightÌy by this much greater 
effective nuclear chargc. 


99. Note carefully that cach shell has been divided into a series offiner 
shells known as “subshells.” Each subshell corresponds to a specilc 
orbital type. The four ofthe seventh shell, for example, includes the 
Zzorbital, the 5/orbitals, the 6Zorbitals, and the 7ø orbitals. Gallium 
1s larger than zinc because it has an electron in three subshells ofthe 
fourth shell, while zinc has electrons only in the first inner two sub- 
shells of the fourth shell. Thus, what you see here ¡s a reinement on 
the model presented in Section 5.7. Dont worry abour fully under- 
standing this reinement. Rather, better that you understand that all 
conceptual models are subject to reinement. W/e chose the level of 
refinement that best suits our needs. 


CHAPTER 6 


31. Electron-dot structures of elements in the same group have the 
same number ofvalence electrons. 


33. There is room for only one additional electron within the valence 
shell oFa hydrogen atom. 


35. There are two inner shells of electrons that shield the valence elec- 
tron from the nucleus. 


37. The number ofunpaired valence electrons in an atom is the same 
as the number of bonds that the atom can form. 


39. This is an example oFa chemical change involving the formation 
ofions, which are uniquely different from the neutral atoms from 
which they are madc. 


41. The nuclear charge experienced by an electron in sodium$ third 
shell is not strong enough to hold this many electrons. Âs was dIs- 
cussed in Chapter 5, this is because there are 10 inner-shell electrons 
shielding any third-shell electron from the +11 nucleus. The effective 
nuclear charge in this shell, therefore, is about +1, which means that it 
¡s able to hold at most one electron. 


43. Ba;N; 


45. Because there is no more room available ín its outermost occupied 


shell. 


47. In a neutral atom the numbcr of negatively charged electrons ¡s 
the same as the number of positively charged protons. Take away one 
of the negative electrons, however, and there will be an excess of pOSI- 
tively charged protons. 


49. Atoms with many valence electrons, such as Ñuorine, E, tend to 
have relatively strong forces ofattraction between their valence elec- 
trons and the nucleus. Thĩs makes ¡t difficult for them to lose elec- 
trons. It does, however, make ït easy for them to gain additional 
electrons. 


51. The water molecule, H,O. 
53. An ionic compound ¡s an example ofa chemical compound. 
55. The potassium atom with an additional shell of electrons ¡s larger. 


57. The charges on the aluminum and oxide ions ofaluminum oxide 
are greater than the charges on the sodium and chÏoride Ions of 
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sodium chloride. The network ofaluminum and oxide ions within 
aluminum oxide, therefore, are more stronely held together, wh¡ch 
gives the aluminum oxide a much hipher melting point (more thermal 
energy Is required to allow these Ions to rolÏ past one another within a 
liquid phase). 

59. Carefully consider the differences betwcen these two compounds. 
WWhere the potassium fuoride contains a potassium ion, the molecu- 
lar uorine contains a Huorine. What then are the differences 
between the potassium ion and the fuorine atom? FEirst consider size. 
'The potassium 1on has three full shells of electrons, which makes it 
larger. The distance between the two nuclei ofthe Ñuorine atoms 
within E;, therefore, should be closer together. Second, consider the 
type ofbonding. The F¿ compound is covalent. This involves the 
overlapping of shells, which allows the nuclei to be closer. So, by both 
considerations, the nuclei of molecular Ñuorine, F;, should be closer 
together. 


61. A covalent bond is specifically directed between two and no more 
than two atoms, which is analogous to marriage. The electric charge of 
an ion, by contrast, reaches outward in all directions such that a single 
ion may be ionically bonding with many different atoms at the same 
tỉme (as occurs within a sodium chÏloride crystal). This would be more 
analogous to the single life, where a person is more likely to be inti- 
mately involved with more than one person at a time. 


63. The hydrogen atom has only one electron to share. 


65. There ¡sa pradual change. ÑWe get this change by noting the rela- 
tive positions of the bonding elements across the periodic table. If they 
are close together toward the upper right-hand corner, then the bond 
is more covalent. When the elements are on opposite sides of the peri- 
odic table, the chemical bond between them is more ionic. For atoms 
between these two extremes, the bonding tends to be a blend ofboth, 
which is also referred to as øøl2r couae7z. 


67. When bonded to an atom with low electronegativity, such as any 
group 1 element, the nonmeral atom wilÏ pull the bonding electrons 
so closely to itself so as to form an lon. 


69. The chemical formula for phosphine is PH;, which is most similar 
to that oFammonia, NH;. Note how phosphorus is directly below 
nitrogen ¡n the periodic tablc. 


si — 


=.. 5S... 


75. There are four substituents, which means that this molecule has 
the tetrahedral shape. 


77. As shown ¡in Table 6.2, there are five substituents around the sulfur 
atom ¡in SE and this includes four Ñuorine atoms and one lone pair of 
electrons. 


79. The source ofan atom electronegativity is the positive charge of 
the nucleus. More specifically, ¡t is the effective nuclear charge experi- 
enced within the shell that the bonding electrons are occupying. 


81. The least symmetrical molecule (c) Q==ŒC==S 
83. In order ofincreasing polarity: N——N<\N‹ —ØO<NÑ —E<ÖH—E 
85. When one or more of the substituents is a lone pair ofelectrons. 


87. By convention, molecular geometry and molecular shape are not 
the same thing. Molccular geomectry includes both atoms and lone- 
patr electrons as substituents. Molecular shape, however, focuses ony 
on atom substituents. Ñaters geometry ¡s tetrahedral because ¡t has 
four substituents, which include two hydrogen atoms and two lone 
palrs. Waters shape is bent because the two hydrogen atoms are 
angled together due to the repulsive forces of the two lone pairs of 
electrons. 
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89. Sometimes true and sometimes falsel Within any one atomic 
group, as the number of shelÌs increases the electronepativity decreases. 
A group 17 bromine atom, however, has four shells of electrons, yet its 
electronegativity is ereater than that ofa group 1 lithium atom, which 
has only two shclls. 


91. True, excepr for the group 18 noble gas elemenrs, which are nor 
assIigned an electronegativity number. The trend ¡s that clectronegativ- 
Ity decreases with an increasing number of shells down any one atomic 
group (vertical column) oỂthe periodic table. 


93. Water ¡sa polar molecule because in its structure the dipoles do not 
cancel. Polar molecules tend to stick to one another, which gives rise to 
relatively high boiling points. Methane, on the other hand, is nonpolar 
because ofits symmetrical structure, which results in no net dipole and 
a relatively low boiling point. The boiling points ofwater and methane 
are less a consequence of the masses of their molecules and more a con- 
sequence of the attractions that occur among their molecules. 


95.a. The left compound with the two chÏorines on the same side of 
the molecule is more polar and will thus have a higher boiling 
poInr. 

b. The chlorine atoms have a relatively strong electronegativity 
that pulls electrons away from the carbon. In the left molecule, 
COCI;, this tug of the chlorines is counteracted by a relatively 
strong tug oỂthe oxygen, which tends to defeat the polarity of this 
molecule. The hydrogens of the molecule on the right, C,H;;, 
have an electronegativity that is less than that of carbon, so they 
actually assist the chlorines in allowing electrons to be yanked 
towards one side, which means that this molecule is more polar. A 
material consisting of the right molecule, CH;C};, therefore, has 
the higher boiling point. 

c. The left compound, sodium cyanide, NaCN, is ionic and so 
1ts boiling point is much, much greater than that of hydrogen 
cyanide, HCN. In fact, at room temperature, sodium cyanide is 
a solid, while hydrogen cyanide ¡is a gas. Both these compounds 
are highly toxic, but the hydrogen cyanide more so because it 
can be inhaled, which provides the quickest path of biological 
intake. 


97. Ifammonia, NH;, were somehow squashed into a triangular pÏa- 
nar shape, the molecule would gain in symmetry and become Ìess 
polar. Of course, the ammonia would no longer be identifiable as 
ammonia because its physical and chemical properties would become 
vastly different. 


99. The single preedy kid ends up being sliphtly negative, while the 
two more generous kids are slightÌy positive (defcient of electrons). 
The greedy negative kid is actually twice as negative as one of the posi- 
tive kids is positive. In other words, ¡Ÿ the greedy kid had a charge of 
—1, cach positive kid would have a charge of +0.5. This ïs a polar situa- 
tion where the electrons are not distributed evenly. Ifall three kids 
were equally greedy, then the situation would be more balanced, that 
1s, nonpolar. 


CHAPTER 7 


31. Each person on the rink represents an atom. A group of friends 
held tightÌy together represents a molecule, which is a group ofatoms 
held together by covalent bonds. The briefinteractions between this 
group offriends and other groups or individuals on the skating rink 
represent the interactions that occur between molecules, or between 
molecules and ions. 


33. The charges in sodium chloride are balanced, but they are not 
neutralizcd. As a water molcecule gets closc to the sodium chloride, ¡t 
can distinguish the various ions and ít is thus attracted to an individ- 
ual ion by ion-dipole forces. This works because sodium and chloride 
1lons and water molecules are of the same scale. We, on the other hand, 
are much too big to be able to distinguish individual ions within a 
crystal of sodium chloride. From our point oview, the individual 
charges are not apparenr. 
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35. The elements calcium, Ca, and Ñuorine, E, are on opposite sides of 
the periodic table, and this tells us that the bond between them is 
ionic. lonic compound: tend to have hiph melting points because the 
attractions among ions extend in all directions. Thịs locks the ions in 
place, which means that a lot of thermal energy is required to break 
them apart, as occurs during melting. The elements tin, Sn, and chÏo- 
rine, Cl, are much closer together ¡n the periodic table, and this tells 
us that the bond between them ¡s less Ionic and more covalent. Fur- 
thermore, the tetrahedral molecular geometry of stannic chloride, 
SnClH, is symmetrical, whích means that the dipole of individual 
tin-chloride bonds cancel cach other out. This nonpolarity means that 
the stannic chloride molecules are not so attracted to one another, 
which means that they readily evaporatce. 


37. Because the magnitude of the electric charge associated with an 
ion is much greater. 


39. By way ofinduced dipole-induced dipole molecular attractions. 


41. Oxygen molecules are attracted to water molecules when the oxy- 
gen molecules are brought close to the water molecule. The negative 
side oFa water molecule pushes oxygenrs electrons farthest from water 
and results in a temporary uneven distribution of electrons ¡in the oxy- 
gen molecule known as an induced dipole. 


43. These are all nonpolar compounds but they differ in size. The 
larger the size of the nonpolar molecule, the easier it is for that nonpo- 
lar molecule to form induced dipoles. Larger nonpolar molecules, 
therefore, have a greater “stickiness,” hence, a higher boiling point. 
'These compoundk, in order ofincreasing boiling point, are: CE4, 


CClu CBo„ Cụ. 


45. Ifyou havent done so already, be sure to hold a charged balloon up 
to a thin stream of water from a faucet. Charge the balloon by rubbing 
iron your hair. Hold the balloon up to the thin steam and look for the 
cffect. The dipoles of the water molecules alÏ turn towards the charged 
balloon, to which they are attracted. A similar effect can be seen by 
holding a charged balloon close to (but not touching) the corner ofan 
ice cube. \With some persistence you can get the ice cube to rotate back 
and forth. Narrow rectangular ice cubes (the kind that often come out 
ofautomatic ice makers) work best. 


47. The greater the surface area the greater the number ofinduced 
dipole-induced dipole forces ofattraction that can occur between the 
geckos foot and the surface, such as the underside oFa leaf or a wall or 
ceiling. 

49. The boiling points go up because ofan increase in the number of 
molecular interactions becween molecules. Remember, when we talk 
about the “boiling point” oFa substance, we are referring to a Dure 
sample of that substancc. \We sec that the boiling point of I-pentanol 
(the molecule on the far ripht) ¡s relatively hiph because 1-pentanol 
molecules are so attracted to one another (by induced dipole-induced 
dipole as well as by dipole-dipole and dipole—induced dipole attrac- 
tions). When we refer to the “solubility” oFa substance, we are refer- 
ring to how well that substance interacts with a second substance—in 
this case water. Note that water is much Ïess attracted to l-pentanol 
because most of l-pentanol is nonpolar (its only polar portion is the 
OH group). For this reason, I-pentanol is not very soluble in water. 
Put yourselfin the point oŸview oFa water molecule and ask yourself 
how attracted you might be to a methanol molecule (the one on the 
far left) compared to the pentanol molecule (the one on the far ripht). 


51. Water is boiling at point A. 
53. As pressure increases, the melting tempcrature of water decreascs. 


55. Ycs, It is possible for icc to transform to water vapor without cvcr 
becoming liquid. Thĩs process is called sublimation. Ít explains why 
ice cubes get smaller the longer they stay in the freezer. On the dia- 
gram, sublimation occurs at point D. 


57. Xenon is a liquid at —112°C and 0.90 atm. 


59. Note from the diapram that the liquid phase ofxenon can be 
transformed to a solid phase by an Zzcz¿zsể in pressure. Conversely, the 
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solid phase can be transformed into a liquid phase by a Zez¿s£ 1n 
pressure. For a given temperature, therefore, the solid phase has more 
pressure applied to ít and is more densc. 


61. Oxygen has a low solubility in water because the onÌy attractions 
occurring between oxygen and water molecules are weak 
đdipole-induced dipole attractions. ÑaterS attraction for itself 1s 
stronger than its attraction for oxyeen molecules. 


63. Nitrogen atoms are bipger and so nitrogen molecules should be 
more soluble in water due to greater dipole-induced dipole attractions. 


65. The helium is less soluble in the bodily Ñuids and so less dissolves 
for a given pressure. Lpon decompression, there is less helium to 
“bubble out” and cause potential harm. 


67. The bottle filled with fresh water foats in ocean water because It Is 
less dense than the ocean water. Meanwhile, the bottle filled with ocean 
water sinks in fresh water because ít is more dense than the fresh water. 


69. This amount oÊ sand removed from the bottle equals the amount 
of salt dissolved in the ocean water. 


Z1. To tell whether a sugar solution ¡is saturated or not, add more sugar 
and see ifit will dissolve. If the sugar dissolves, the solution was not 
saturated. Alternatively, cool the solution and see ifany sugar precipi- 
tates. [Ýit precipitates, then the solution was saturated. Becauise sugar 
forms supersaturated solutions so easily, however, neither of these 
methodks ¡s always successful. 


73. At 10°C a saturated solution ofsodium nitrate, NaNO¿, is more 
concentrated than a saturated solution ofsodium chloride, NaC]. 


75. Assuming concentration is given in units oŸ mass (or moles) of 
solute in a given volume ofsolution, then the concentration necessar- 
ily decreases with increasing temperaturc. 


77. The polarity of the molecules ofa substance has a far greater infu- 
ence on the boiling temperature of the substance than does the mass 
ofirts molecules. Recall that boiling involves separating the individual 
molecules ofa liquid substance from one another. The greater the 
“stickiness” of the molecules, the harder this ¡s to do. The extra neu- 
tron in the deuterium does not affect the chemical bonding within the 
DO molecule, which thereby has the same chemical structure as 
H;O. Since they have the same chemical structures, their boiling tem- 
p€ratures are most similar: HạO, bp = 100°C; D;O, bp = 101°C. 
Interestinely, the extra mass of the deuterium has only a small effect 
on the boiling temperaturce. 


79. Although oxygen gas, ©z, has poor solubility in water, there are 
many other examples of gases that have good solubility in water. 
From the concepts discussed in Chapter 6, you should be able to 
deduce that hydrogen chloride is a somewhat polar molecule. This 
gaseous material, therefore, has a good solubility in water by virtue of 
the dipole-dipole attractions occurring between the HC] and H;O 
molecules. 


81. Motor oil is much thicker (viscous) than is gasoline. This supgests 
that the molecules of motror oiÏ are more strongÌy attracted to one 
another than are the molecules of gasoline. A material consisting of 
molecules of Structure Á would have greater induced dipole-induced 
dipole molecular interactions than a material consisting of molecules 
of Structure B. Motor oil molecules, therefore, are best represented by 
Structure A, whereas gasoline molecules are best represented by 
Structure B. 


83. The arrangement ofatoms within a molecule malk<es all the differ- 
ence as to the physical and chemical properties. Ethyl alcohol contains 
the — OH group, which ¡s polar. This polarity, in turn, is what allows 
the ethyl alcohol to dissolve in water. The oxygen of dimethyl ether, by 
contrast, is bonded to two carbon atoms: C—C—C. The difference in 
electronegativity between oxygen and carbon is not as great as the dif- 
ference between oxygen and hydrogen. The polarity of the C—O 
bond, therefore, is less than that of the O—H bond. Ás a consequence, 
dimethyl ether is signiicantly less polar than ¡s ethyl alcohol and ¡s not 
readily soluble in water. 
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85. In order to smell something, the molecules of that something 
must evaporate and reach your nose. IÝ the new perfume doesnt evap- 
orate, ¡t wilÍ not have an odor. 


87. These initial bubblcs are the gascs that werc dissolved in the watcr 
coming out of solution. Because the solubility of gases in water 
decreases with increasing temperature, a standing warm pot 0ÊWater 
will show more bubbles forming on the inner sides than wilÏ a suand- 
ing cold pot oÊwater. 

89. Most home water softeners work by replacing the calcium and 
magnesium ions of the tap water with sodium ions. This softened 
water, therefore, contains increased levels of sodium Ions. 


91. The calcium carbonate of the hard water comes out of solution in 
the hot water of the water heater. Cver the years, the calcium carbon- 
ate on the inner surface of the hot water tank can build up to the point 
that ít insulates the water from the heating element. 


93. The nonpolar molecules have a hard time passing the ionic heads 
of the fatty acid molecules, which are surrounded by water molecules. 


95. Thís structure ¡s called a ee#, also known as a jøsøze. Add a 
bunch ofions, DNA, organelles, plus many other biomolecules to the 
cell and you have a living cell. The bilipid barrier is called a ø/zs7z 
?meiPrane, which you wiÏÏ learn all about in your biology classes. 


97. “Why ¡s calcium fÑuoride not used in toothpaste?” FY], calcium 
fÑuoride occurs naturally, while sodium fuoride ¡s largely a by-product 
of the aluminum industry. 


99. The phosphate ions softened the water by binding to calcium 
1ons, which would otherwise interfere with the effectiveness of the 
soap or detergenr. 


101. Multiply concentration by volume: (0.5 g/L)(Š L) = 2.5 g. 
2 moles 
b. 0.5 liters 


1 mole 


= 4 molar (4 M) 


103. a. = I molar (1 M) 


1 liter 


105. Each of the 12 carbon atoms has an atomic mass of 12 amu, so the 
total mass from carbon is: 12 12 amu = 144 amu. Each of the 

22 hydrogen atoms has a mass oỂ 1, so the total mass of hydrogen is: 

22 x 1 amu = 22. Each ofthe II oxygen atoms has a mass of 1Ó, so the 
total mass ofoxygen is: l] X 16 amu = 176. The grand total mass of the 
sucrose molecule, therefore, is 144 amu + 22 amu + 176 amu = 342 amu. 
Thịs adding up oŸthe masses of the atoms oFa molecule is explored in 
much more detail in Chapter 9. 


107. To heÌp answer this question, review the Chapter 1 Calculation 
Corner on conversion factors. Consider that ¡Ÿ342 grams cequals 

1 mole, then we have the choice ofone of two conversion factors: 
342 g/1 mole or I mole/342 g. To convert 200 grams of sucrose into 
a number of moles of sucrose, multiply by the second conversion 
factor: 


200 g sucrose (1 mole/342 g sucrose) = 0.585 mole 


So, 200 grams of sucrose equals 0.585 mole. Multiply this number by 
6.02 x 10? to give the number of molecules: 
0.585 mole sucrose (6.02 x 102/1 mole) 
= 3.52 x 103 molecules of sucrose 
The relationship between the moles ofa material and grams is 
explored in much more detail in Chapter 9. 


109. The conversion factor ¡s 1 mole/18 grams: 


100 g water (1mole/18 g water) = 5.55 molÌes water 


CHAPTER 8 


31. The soda can puf§ out and sometimes the lid pops open. This 
occurs because the water content of the soda freezes and expands. 
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33. The combined volume o£all the billions of “open rooms” ín the 
hexagonal ice crystals ofa piece of ice is equal to the volume of the 
part of the ice that extends above water when ice Ñoats. When the icc 
melts, the open spaces are exactly filled in by the amount oỂice that 
extends above the water level. This is why the water level docstrt risc 
when ice in a glass of ice water melts—the melting ice “caves in” and 
exactly flls the open spaces. 


35. Did you try floating ice in boiling water to see for yourself ]f not, 
now is your chance. For a clue, study Figure 8.11 closely. 


37. Microscopic ice crystals In near-freezing water make the water Ìess 
dense. 


39. When a solute is present in water, the solute takes up space and 
decreases the number of liquid molecules at the liquid—solid interface. 
The space taken up by solute molecules decreases the probability oFa 
water molecule adhering to the surface ofice and raising the overall 
freezing point of water. 


41. Calcium chloride dissolves to produce three ions, whereas sodium 
chloride dissolves to produce only two. The greater number ofions 
generated by calcium chloride is more effective at decreasing the num- 
ber of water molecules entering the solid phase. 


43. The heat that ¡s added to ice goes to increasing the vibrations 
among water molecules, which, in turn, leads to the breaking of 
hydrogen bonds. Thus, adding heat favors the rate of melting. This 
has the appearance of disfavoring the rate of freezing. 


45. Graph “d.” 


47. Water near the freczing point of0° is less dense than warmer 
water, and the colder water will “float on the warmer water. This causes 
ice to form at the surface ofa body ofwater rather than at the bottom, 


49. Just as the presence ofa solute disrupts the rate ofice crystal for- 
mation, so does it disrupt the rate oŸice microcrystal formation. As 
you should recall, it is the formation of microcrystals in fresh water 
that results ¡n fresh waters expansion as it is cooled below 4°C. With- 
out the formation of microcrystals, saltwater continues to contract alÏ 
the way to its Íreezing temperature ofabout —18°C. Ocean water, 
therefore, is most dense just before ¡t freezes, which makes its freezing 
behavior most different from that of fresh water. To see for yourself, 
place a cupful of salrtwater next to a cupful offresh water in your 
kitchen freezer. 


51. The oxygen-rich surface waters sink to the bottom of the lake as 
they are cooled down to 4°C. Thịs ¡s of beneft to the aquatic organ- 
isms living at the bottom. Concurrently, the nutrient-rich deeper 
waters are pushed to the surface. This is of benefit to the aquatic 
organisms living towards the surface. 


53. In tropical regions, surface waters never get cold enouph to sink to 
the bottom of the ocean to initiate the process of “upwelling” (see pre- 
vious exercise). W/ithout upwelling, tropical waters tend to remain 
clear. 


55. Mercury sticks to itself (cohesive forces) better than it sticks to the 
glass (adhesive forces). 


57. At colder temperatures water molecules are moving slower, which 
makes it relatively easy for them to cohere to one another. This, in 
turn, increases the surface tension. A tablespoon of vegetable oil 
pourcd into a pot of cold water, therefore, is typically seen to come 
together as a single blob (because the water molecules are so attracted 
to themselves). At higher temperatures water molecules are moving 
faster, which makes it more difficult for them to cohere to one 
another. This, in turn, decreases the surface tension. A tablespoon of 
vegetable oil poured into a pot of hot water, therefore, is more inclined 
to disperse throughout the water, which is of great beneft when cook- 
¡ng spaghetti. 

59. ÑWater is not stronely attracted to a wax surface, which is nonpolar. 
So as to minimize surface area, the water tends to form a sphere. Sit- 
tỉng on a solid surface, however, the spherical drop Of Water Is 
squashed down into a bead by the force of gravity. 
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61. Soap deceases the surface tension among water molecules by inter- 
fering with the molecular attracdons among surface water molcculcs. 


63. The surface area of contact is the same, but the weiphr of the gold 
ring is much greater. This means that the gold ring applies a much 
reater pressure against the surface of the water so that it is able to 
push through the surface tension. 


65. The natural oils on a sea birds feathers work to repel water, but 
they are miscible with the petroleum oils ofan oil spill. The petroleum 
oils, therefore, readily adhere to and penetrate the feathers. The many 
air pockets within the feathers that normally serve to insulate the bird 
are lost, which is why the birds suffer hypothermia. Rescue workers are 
trained to remove these oils using liquid dishwashing detergent and 
warm water. 


67. The boiling point is greatest where the water pressure is least, 
which is Just below the surface. 


69. When a wet ñnger ¡s held to the wind, evaporation is greatest on the 
windy side, wh¡ch feels cool. The cool side ofyour finger is windward. 


71. A bottle wrapped in wet cloth will cool by the evaporation of liq- 
uid from the cloth. As evaporation progresses, the average temperature 
of the liquid left behind ¡n the cloth can easily drop below the temper- 
ature of the cool water that wet ít in the first place. So to cool a bottle 
of beer, soda, or whatever at a picnic, wet a piece ofcloth in a bucket 
of cool water. Wrap the wet cloth around the bottle to be cooled. As 
evaporation progresses, the temperature of the water in the cloth drops 
and cools the bottle to a temperature below that of the bucket of 
WAL€T, 


73. As in the answer to the previous exercise, high temperature and 
the resulting thermal energy given to the food is responsible for 
cooking—if the water boils at a low temperature (presumably under 
reduced pressure) insufficient energy is given to cook the food. 


75. The air in the fask is very low in pressure so that the 0ø from 
your hand (not the pressure from your hand) will produce boiling at 
this reduced pressurc. 


77. The lid on the pot traps heat, which quickens boiling; the lĩd 
also increases pressure on the boiling water, which raises its boiling 
temperature. The hotter water correspondingly cooks food ïn a 
shorter time. 


79. Condensation is a warming process because it involves the transfer 
o£slower-moving vapor molecules from the gaseous to the liquid phase. 
These slower-moving vapor molecules have lower kinetic energies than 
the other vapor molecules and raise the overalÏ temperature of the gas by 
eliminating the lower-temperature molecules. As with evaporation, both 
the gas from which molecules are leaving and the liquid into which 
molecules are entering are warmed through the process of condensation. 


81. To produce maple syrup requires boiling away most of the water 
from the sap. The resulting concentrated solution is maple syrup. Á lot 
of energy is required to boil away the water because of waters high 
heat of vaporization. Interestingly, ¡t takes 40 gallons oŸ maple sap to 
produce just 1 gallon of maple syrup. That§ a lot ofwater that needs 
to be evaporated. Many maple syrup producers get a head start by first 
removing much ofthe water using reverse osmosis, which ¡s a tech- 
nique discussed in Chapter 16. 


83. The water molecules have more kinetic energy after they haye 
come together and this kinetic energy can be witnessed as in Increase 
1n their rates ofvibration. 


85. The missing air would be replaced by water vapor as the upper lay- 
ers of the ocean would begin to boil, which would have the effect of 
lowering the oceaiS temperature—remember that boiling ¡s a cooling 
process. Eventually, the oceans would get so cold that they would 
freeze. As discussed in the answer to exercise 49, ocean water contracts 
all the way to its freezing temperaure (about—18°C) and is therefore 
most dense Just before ¡t freezes (not 4°C above freezing). The freezing 
of the ocean surface would heÌp to insulate warmer lower layers of 
unusually saline liquid ocean water. Where the ñnal equilibrium 
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would lie ¡s a difñcult question. The frozen ocean would conrinue to 
lose water through sublimation. This would occur until the rate at 
which ice sublimed equalled the rate at which atmospheric water 
vapor turned back into the solid phase, called deposition. 


87. The role ofthe oceans in moderating Earths climare is complex. If 
the oceans were fresh water, then the occans spccifc heat would be 
greater and this would help towards moderating global temperatures. 
The saliniry of the oceans, however, plays a big role in the movement 
of ocean currents. For example, as the Gulf Stream ofÝ the east coast oŸ 
North America moves northeastward the warm surÍac€ wat€rs €vapo- 
rate. By the time the stream reaches the northern Atlantic, the ocean is 
much more salty. This saltier water is more dense and so ¡t sinks, creat- 
¡ng a submarine current that fows back south. The GuÏf Stream Is a 
conveyor belt that delivers the warmth of the Caribbean to northern 
Europe, thereby moderating the weather ofnorthern Europe. This 
wouldnt occur, however, If the oceans were made of fresh water. [nter- 
estinely, as the Greenland ice shelf melts ¡t wilÍ tend to freshen the 
waters of the northern Atlantic, which might have the effect of turn- 
¡ng ofF the Gulf Stream conveyor beÌt. 


89. You want your radiator fuid to absorb heat from the engine so 
that the engine doesnt melt. A higher-speciic-heat radiator fuid 
would be more effective at absorbing this heat than would a lower- 
specific-heat radiator fluid. The efficiency oFan engine, however, 
increases with Increasing temperature. Keeping your engine too cool, 
therefore, is not so desirable. Commercially sold radiator fÑuids are for- 
mulated to have specific heats that help your engine run at an optimal 
temperature. 


91. The climate of Bermuda, like that ofall islands, ¡is moderated by 
the high specific heat of water. The climate is moderated by the large 
amounts of energy given offand absorbed by water for small changes 
in temperature. ÑWhen the air is cooler than the water, the water warms 
the air; when the air is warmer than the water, the water cools the air. 
93. Much of the heat from the oven is consumed in changing the 
phase of the water. As long as water remains in the liquid phase, the 
temperature of the oven will not rise much higher than the boiling 
point of the water——100°C. 

95. The water molecules of the ice are subliming from the solid to the 
gaseous phase without ever entering a liquid phase. 

97. The food compartment ofa refrigerator is cooled by vaporization 
of the refrigerating Ñuid because vaporization is a cooling process. 


99, This heat ¡s radiated outwards to the environment. In order to 
melt the ice, it would have to be refected back into the ¡ce. 


101. Heat = (4.184 Jjoule/pram °C)(100 gram)(+7°C) 
= 2928.8 joules, which to proper significant fñgures is 


3000 joules 
103. 230 joules = (4.184 joule/gram °C)(5.0 grams)(x) 
230 joules _. 
(4.184 joule/gram °C)(.0 grams) 


Đi = 11G, 


105. Thịs is a three-part calculation. First you necd to calculate the 
amount of heat required to raise the waters temperature from —273° 
to 0.00°C. Then you need to calculate the amounrt of heat required to 
transform the 1.00 gram ofice into liquid water. Third, you need to 
calculate the amount of heat required to raise the waterS tempcraturc 
from 0.00°C to +100°C. Erom Table 8.1 you have that the specific 
heat ofice ¡s 2.01 J/g °C. Note this calculation provides three signifi- 
cant fgures (sec Âppendix B). 


1. Heat = (2.01 ]/g °C)(1.0 g)(+273°C) 
549 ] 

(1.00 ø)(+335 J/g) 

=+335 J 


2. Heat 
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3. Heat = (4.18 J/g °C)(1.00 g)(+100°C) 


=+418] 
Total heat = 549 J + 335 J + 418 ] 
= 1302] 


= 1.30 x 10Ẻ J (to three significant figures) 


Heat = (1.00 g)Œ2259 J/g) 
= 2260 ] (to three significant figures) 


107. Water molecules remain in contact with cach other from absolute 
zero all the way to 100°C liquid. As water molecules move into the 
gaseous phase, they must be completely separated from one another, 
which means overcoming all the hydrogen bonds. Because the hydro- 
gen bonds are so relatively strong, this process requires a lot of energy. 


CHAPTER 9s 


31.a.4,3,2 b.3,1,2 c.I,2,1,2 d.1,2, I,2.(Remember 
that, by convention, 1š are not shown ¡n the balanced equation.) 

33. This equation is balanced. 

35. A and C are balanced. 

37. Only two diatomic molecules are represented (not three!). These 
are the two shown ¡n the left box, one of which ¡s also shown in the 
right box. Remember, the atoms before and after the arrow in a bal- 


anced chemical equation are the same atoms, but in different 
arrangements. 


39. Equation “d” best describes the reacting chemicals. 
41.Fe¿O;+3CO —> 2Fe+ 3 CO; 

43.a.18amu b.42amu 
45. The have about the same number ofatoms. 


47. There is 1 mole of E; in 38 grams ofF; and 1 mole of O; in 
32 grams ofFOs. There is 1 mole oFN; in 28 grams of N;. There are 
2 moles of CH¡¿ in 32 grams of CH¡, so the answer is (C). 


c. 60 amu 


49. They assumed incorrectly that one hydrogen atom bonds to one 
oxygen atom to form water with a chemical formula of HO. We know 
today, however, that two hydrogen molecules (not atoms) react with 
one oxygen molecule to form water. By a count o£ molecules—which 
translates to a count oFatoms——we see that the hydrogen and oxygen 
react in a 2:] ratio and the formula for water is HạO. By mass, hydro- 
gen and oxygen suill always react in a 1:8 ratio. But because two hydro- 
gens are needed for every one oxygen, this ratio is better expressed as 
0.5 gram ofhydrogen to 0.5 gram of hydrogen to 8 grams ofoxygen. 
Comparing one hydrogen atom to one oxygen atom thus shows us 
that oxygen is actually 16 times more massive than hydrogen. 


51. A single oxygen atom has a very small mass of 16 amu. 


53. One amu equals 1.661 x 10 ”Í gram. So, 16 amu must be equal 
to (16)(1.661 x 10? gram) = 26.576 X 10 gram, or 2.6576 X 
10? gram. 


55. No, because this mass ¡s less than that ofa sinele oxygen atom. 


57. The water has the greater mass, just as a bunch of golfballs has more 
mass than the same number of ping-pong balls. The water has about 9 
times as much mass because cach H„O molecule (16 + 1 + 1 = 18 amu) ¡s 
about 9 times as massive as each H; molecule (1 + 1 =2 amu): 18 amu/ 

2 amu = 9. The big numbers dont change anything: 1.204 x 10“ mole- 
cules of water have a greater mass than 1.204 x 10” molecules of molec- 
ular hydrogen. 

59. There are 69.7 ø of gallium, Ga (atomic mass 69.7 amu), in a 145-g 
sample of gallium arsenide, GaAs. Note that 145 g is the formula mass 
for this compound. 


61. The formula mass o£a substance ¡s the sum of the atomic masses 
of the clements In Its chemical formula. The atomic mass is the mass 
of a sinele atom. 
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63. The candle in jar z will go out first because it contains the least 
amount of oxygen to support the burning. 


65. Warm air rises because it is less dense than the surrounding air. 
WWithin an orbiting space station, however, there 1s no up or down, 
hence nowhere for the warm air to rise. Ít instcad remains hovering 
around the ame. But this warm air contains the products of combus- 
tion—primarily water vapor and carbon dioxide—which eventually 
smother the Ñame. 


67. A catalyst reacts with a reactant to form an intermediate. 


69. Chemical reactions, including those ofbiological nature responsi- 
blc for the spoilage of food, slow down with decreasing temperaturc. 
The refrigerator, therefore, only slows down (delays) the spoilage of 


food. 


71. In pure oxygen there ¡is a greater concentration ofone of the reac- 
tants (the oxygen) for the chemical reaction (combustion). As dis- 
cussed ¡n this chapter, the greater the concentration ofreactants, the 
greater the rate of the reaction. 


73. The bubbling occurs as the result oFa reaction between the Alka- 
Seltzer tablet and the water. In the alcoholic beverage there is a lower 
proportion ofwater molecules, which leads to a sÏlow rate oŸ reaction. 
In terms of molecular colÏisions, with fewer water molecules around, 
the probability of collisions between the molecules of the Alka-Seltzer 
and the water is less in the alcoholic beverage. 


75. The fnal result of this reaction is the transformation of three oxy- 
gen molecules, ©›;, into two ozone molecules, ©.. Ñ/hile there is no 
net consumption or production of the nitrogen monoxide, NO, 
nitrogen dioxide, NO;, and the atomic oxygen, O©, species, only the 
nitrogen monoxide, NO, appears to be required for this reaction to 
begin. The nitrogen monoxide, NO, therefore, is best described as 
the catalyst. 


77. Putting more ozone into the atmosphere to replace that which has 
been destroyed is a bit like throwing more fsh into a pool oỂsharks to 
replace those ñsh that have been caten. The solution is to remove the 
CEC$ that destroy the ozone. Unfortunately, CEC$s only deprade 
slowly and the ones up there now will remain there for many years to 
come. Qur best bet is to stop the present production of CEFCs and 
hope that we havent already caused too much damage. 


79. The potential energy ofthe products is higher than the potential 


energy of the reactants. 


81. The chemical reactions within a disposable battery are exothermic, 
as evidenced by the electrical energy they release. To recharge a 
rechargeable battery requires the input of electrical energy, hence, the 
reactlons that proceed during the recharging process are endothermic. 


83. The entropy change determines whether or not the chemical reac- 
tion is favorable. If there ¡s an overall increase in entropy, then the 
reaction will be favorable, which means that the reaction can proceed 
on its own. IÝ there is an overall decrease in entropy, then the reaction 
will only proceed with the help oFa continual source ofenergy, which 
wilÏ necessarily be coming from some entropy-increasing process, such 
as the combustion o£fa fuel. 


85. The entropy increases because there are more ways in which the 
energy can disperse. 


87. Regardless of their order ofappearance, these cards have the same 
entropy because they are made of the same material, have the same 
mass, and are at the same temperature. Entropy Is NƠT'a measure of 
disorder. Rather, ¡t is a measure of the tendency of energy to disperse. 
Ultmately, discussions of entropy are best left to systems in which the 
components are perpetually moving, such as we have in the realm of 
atoms and molecules. 


89. Sublimation ¡s the process whereby a solid appears to transform 
directly to a gas without ñrst melting to form a liquid. Ônce intermol- 
ecular attractions berween I; molecules on the surface of the crystal are 
broken, even without any further rise in temperature a fair number of 
molecules scape into the gaseous phases. This process ¡s favorable 


A2o APPENDIXC 


because the entropy ofthe iodine in the gas phase ¡s greater than it is 
¡n the solid phase. 


91. Ammonium nitrate ¡sa much more complicated molecule that 
can vibrate in many different orientatlons whilc in the solid phase. Ĩts 
overall freedom of movement, therefore, ¡s actually greater than that of 
a water molecule in the liquid phase. 


93. Consider how this reaction shows the formation ofa single mole- 
cule from three molecules plus two atoms. This is a “coming together” 
of matter, which is suggestive ofa decrease in entropy. In other words, 
as can be confrmed from Table 9.2, there is more entropy ¡n the 

2 moles ofcarbon and 3 moles of hydrogen, H,(ø, (397.8 J/K) than 
there is in the one mole ofethane, C,H,(@) (229.6 J/K). The reaction, 
however, also involves the breaking of three H—H bonds (1308 k]/mol) 
and the forming ofone C—C bond and six C—H bonds (2831 kJ/mol), 
which provides a net release of 1523 k]/mol ofenergy. For cach mole 
lofproduct at 298 K, this corresponds to an increase in entropy of 
1,523,000 J/298 K = 5110 J/K. The large exothermic nature of this 
reaction, therefore, provides a large enough increase in the entropy of 
the surroundings that this reaction is favorable. 


95. True. In fact, entropy and specifc heat are two closely related con- 
cepts, as evidenced by the fact that they are both expressed in units oŸ 
energy divided by mass times temperature. Specifc heat ¡s the energy 
given to a gram o£a substance over a single degree in temperature. 
Standard entropy ofa substance is the energy given to a mole of the 
substance to bring ït from absolute zero to its present temperature. 
The energy input from any phase changes is also included in the 
entropy value. 


97. Any decrease in entropy caused by a thriving life form is easily 
compensated for by an even greater increase in entropy by the energy 
source that sustains the life. In other words, focus only on the life 
form, then you ÏÏ witness a decrease in entropy. Step back, however, 
and look at the entire system, which also includes the sun, and you 
will ñnd an overall 7zezezse1n entropy. Life on Earth does not “arise 
on its own.” Rather, it depends upon entropy-increasing processes 
elsewherc. 


99. Endothermic reactions require the input of energy, whích can 
include the input ofthermal energy. This gives the molecules greater 
kinetic energy, which can help their collisions to be more effective. 
'The elevated temperature also helps to minimize the unfavorable 
đecrease in entropy due to the heat absorbed by the reaction. For 
example, iŸa reaction absorbed 300,000 joules at 300 K (27°) then 
the change in entropy is =300,000 J/300 K = —1000 J/K. IỆ however, 
the same reaction is run at 500 K (227°€), then the change in 
entropy ¡s only —300,000/500 K = —600 ]J/K. Some exothermic reac- 
tions are so exothermic that they explode Iƒ not run at cold tempera- 
tures. The cold temperatures slow the reactive molecules down, which 
gives the chemist greater control. Also, the heat generated by the reac- 
tion is more efficiently dispersed under the colder conditions. This 
allows for a greater increase in entropy, which helps with the forma- 
tion of products. 


101. (0.20 g carbon)(1 mol carbon/12 g carbon)(6.02 x 10?” atoms/ 


1 mol) = 1.0 x 10” carbon atoms 


103. In 122.55 grams of KC]O; there is 1 mole of KCIO:. From the 
chemical equation we find that for every 2 moles of KCIO;, 3 moles of 
Ô¿ are produced. One mole of KCIO›, therefore, should produce only 
1.5 moles ofO„. The molecular mass of O; is 32 amu. This means 
that in 32 grams ofO„ we have ] mole. Multiply 32 grams O; by 1.5 
to fnd the number of grams in 1.5 moles O;: 48 grams. So, 48 grams 
o£O; will be produced in this reaction. 


1 mol methane 
16 g methane 


1 mol methane j\ 1 mol water 


18 
105.(16g nehand| 2 mol water | Ø WALeT 


= 36 g water 
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107. a. Energy to break bonds: Energy released from bond formation: 


HH =436kJ H-C| =431kJ 
CI_CI = 243 kJ H-CI =431 kJ 
Totadl =679 kJ Toral = 862 kJ 

absorbed released 


NET = 679 kJ absorbed — 862 k] released = —183 k] released 


(exothermic) 


b. Energy to break bonds: Energy released from bond formation: 


C=C. =837 kJ 4ÁxO=C =3212 kJ 
H-C =4l4kJ 4xC=O =3212kJ 
C-H =414k] H-O = 464 k] 
O=O_ =498 kJ H-O = 464 k] 
O=O_ =498 k] O-H = 464 k] 
O=O_ =498 kj O-H = 464 k] 
O=O_ =498 kJ Toral = 8280 k] released 
O=O_ =498 k] 
Totadl  =4155 kJ 
absorbed 


NET = 4155 kJ absorbed — 8280 k] released =—4125 kJ released 


(very exothermic) 


109. changein Š from products — reactants 
= cntropy o£2 moles ofFNH; — entropies oŸ 1 mole N„ 
and 2 moles H, 
= 2(192.5 J/K) - (191.6 ]/K + 3(130.7 J/K)) 
= 385.0 ]/K - 583.7 J/K 
= -198.7 J/K 


change in Š from heat of reaction 
= 80,000 J/298 K 
= +268 J/K 


n€t €ntữoDy change to universe 
= -198.7 J/K + 268 J/K 
= +69 J/K 


Thịs reaction has a net increase in entropy and so ¡t should proceed on 
irs own. Note how the entropy change of the reaction is comparable to 
the entropy difference of reactants and products. FYI, this reaction has a 
fairly high activation energy barrier, which is why nitrogen and hydro- 
gen dont readily react at room temperature (298 K) to form ammonia. 


CHAPTER 1o 


31. The potassium carbonate found in ashes acts as a base and reacts 
with skin oils to produce slippery solutions oÊ soap. 


33. The base accepted the hydrogen ion, H', and thus gained a posi- 
tive charge. The base thus forms the positively charged ion. Con- 
versely, the acid donated a hydrogen ion and thus lost a positive 
charge. The acid thus forms the negatively charged ion. 


35. The oxygen atom. 
37. The nitrogen atom. 


39. For (a) note that the HO” transforms into a water molecule. This 
means that the H;O” loses a hydrogen ion, which ¡s donated to the CỊ” 
. The H;O", therefore, is behaving as an acid while the CỊ” ¡is behaving 
as a base. In the reverse direction, we see the H;O gaining a hydrogen 
ion (behaving as a base) to become HO". It gets this hydrogen ion 
from the HCI, which in donating is behaving as an acid. You should be 


able make similar arguments for (b) to arrive at the following answers: 
a. acid, base, base, acid 
b. acid, base, acid, base 
41. Sodium hydroxide, NaOH, accepts a hydrogen ion from water to 
form water and sodium hydroxide! In solution, of course, this sodium 
hydroxide is dissolved as individual sodium ions and hydroxide ions. 
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43. That the value of „is so small tells us that the extent to which 
water ionizes is also quite small. 


45. a. As more hydronium and hydroxide Ions form, the concentra- 
tion oÊthese ions increases. This means that the product of their 
concentrations, which Is Ấ„„ also Increases. Thus, Ấ „1s constant 

only so long as the temperature is constant. Interestingly, K,„equals 

1.0% 10ˆ' only at 24°C. At a warmer 40°C K,„equals a larger 

value of 2.92 x 1014, 

b. pH ïs a measure of the hydronium 1on concentration. The 

greater the hydronium ion concentration, the lower the pH. 

According to the information øiven ¡n this exercise, as water warms 

the hydronium ion concentration increases, albeit only sÏightly. 

Thus, pure water that ¡s hot has a slipghtly lower pH than pure 

water that ¡s cold. 

c. Ás water warms up, the hydronium ion concentration increases, 

but so does the hydroxide concentration——and by the same 

amount. Thus, the pH decreases and yet the solution remains neu- 
tral because the hydronium and hydroxide ion concentrations are 
still equal. At 40°C, for example, the hydronium and hydroxide 

ion concentrations of pure water are both equal to 1.71 x 107” 

mole per liter (the square root o£ Ấ„). The pH of this solution is 

the minus log ofthis number, which ¡s 6.77. Thĩs is why most pH 
meters need to be adjusted for the temperature of the solution 
being measured. Except for this exercise, which probes your powers 
ofanalytical thinking, this textbook ignores the slight role that 
temperature plays in pH. Unless noted otherwise, please continue 
to assume that Ä „is a constant 1.0 < 101 —in other words, 
assume that the solution being measured ¡s at 24°C. 


47. H =-log [HạO'] = -log (1) =—(—0) = 0 


Thịs is an acidic solution. Yes, pH can be cqual to zerol 


49. This solution would have a hydronium ion concentration of 
10M, or 1000 moles per liter. The solution would be impossible to 
prepare because only so much acid can dissolve in water before the 
solution is saturated and no more wilÏ dissolve. The greatest concen- 
traton possible for hydrochloric acid, for example, ¡is 12 M. Beyond 
this concentration, any addidonal HCI, which ¡s a gas, added to the 
water simply bubbles back out into the atmospherc. 


51. The hydrochloric acid solution becomes more dilute with hydro- 
nium ions as the weak acid is added to ¡t. The pH of the hydrochloric 
acid solution therefore increases. Conversely, the pH of the weak acid 
solution has a relative decrease in its pH as the many hydronium ions 
from the hydrochloric acid solution are mixed in. 


53. Yes, an acid and a base can react to form an acid. An example is 
the reaction between water and carbon dioxide, which produces car- 
bonic acid. 


55. As the hydrogen Ion leaves the molecule, ¡t takes with it a positive 
charge while leaving a negative charge on the atom it left. The oxygen 
is able to accommodate this negative charge because ofits great elec- 
tronegativity. The carbon, however, is much Ïess electronegative, and 
so it is not able to accommodate the negative charge very well. HereS 
another way to think about it: In the carbon-hydrogen bond, the 
hydrogen is Just as attracted to the bonding electrons as is the carbon. 
The carbon, thus, is unable to “pull the electrons away from the 
hydrogen,” which makes the formation ofa departing hydrogen ion 
most unlikely. 


57. These molecules behave as acids by losing the hydrogen ion from 
the oxygen atom, which takes on a negative charge. In hypochlorous 
acid, the chlorine atom pulls the negative charge toward it because of 
its great electronegativity. This helps to alleviate the oxygen of this 
negative charge. In other words, the negative charge 1s spread out over 
a greater number ofatoms, which facilitates the formation of the nega- 
tive charge. The hypochlorous acid, therefore, is more acidic. 


59. These molecules behave as acids by losing the hydrogen ion from 
an oxygen atom, which takes on a negative charge. In carbonic acid, 
this negative charge ¡is able to flip-fop to an adjacent oxygen, as was 
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shown ¡n the exercise. In sulfuric acid, however, the negative charge is 

able to Ñip-fop to rwo additional oxygens, as shown below. TÌhis stabi- 
lizes the negative charge, which makes the sulfuric acid more acidic— 

1n fact, much more acidIc. 


O ,l PB 
lñ | 


61. Were you thinking that the phosphoric acid has three hydrogens 
bonded to oxygens and so it might be three times as acidic? Think 
again. It turns out that while its easy for the phosphoric acid to lose 
a single hydrogen ion, losing a second hydrogen ion is much more 
difficult. Losing the third is even more difficult. Consider the fol- 
lowing: After the phosphoric acid donates a hydrogen ion, there 
remains a negative charge on the oxygen. This negative charge ¡s able 
to flip-fop to the neighboring oxygen with the double bond to the 
phosphorus. This facilitates the losing of that ñrst hydrogen ion (see 
exercise 59 for details). Losing a second hydrogen ion adds more 
negative charge to an already negative polyatomic ion, which ¡s diff- 
cult. Consider the disodium hydrogen phosphate—losing its lone 
hydrogen forces the polyatomic ion to accept three negative charges, 
which ¡is even more difficult. Also to be considered ¡is that the adja- 
cent double-bonded oxygen is already sharing electrons with the 
other two negatively charged oxygens. This causes the hydrogen 
phosphates sole hydrogen to be not so easily lost, and the molecule 
is not so acidic. In fact, the negative charges on the neighboring oxy- 
gens make this polyatomic ion form alkaline solution when dissolyed 
1n WAtT. 


63. Stronger clcaning powcr mcans an increascd ability to remoye 
grease and oils. This would include the natural oils of your skin. A 
more alkaline strong soap, therefore, leaves your skin feeling dry 
because it has removed all the natural oils that help to keep your skin 
feeling supple. 


65. The sodium hydroxide solution is reacting with your skin oils and 
transforming them into soap, which feels sÌippery. 


67. Beach sand from the Caribbean and many other tropical cÌimates 
is made primarily of the calcium carbonate remains of coral and 
shelled creatures. Vinegar is an acid and the calcium carbonate is a 
base. The reacrion between the two results in the formation of carbon 
dioxide, which creates bubbles as it is formed. California beach sand 
prImariÌy comes from the erosion of rocks and minerals, which are 
mostly made ofinert silicon dioxide, SiO;. 


69. A covalent bond is polar when one of the atoms of the bond has 
a stronger attraction for the bonding electrons. The stronger the 
attraction, the greater the polarity. Eventually, one atomS attraction 
for the electrons can become so strong that we classify the bond as 
ionic. Add this Ionic bond to water and you Ì| ñnd that the negative 
and positive ions separate from one another. Thus, ¡f waters H—O 
bond were more polar, then it would be easier for the bond to split 
apart, thus forming a negative oxygen ion and the positive hydrogen 
ion. This would make ¡t easier for the water molecule to donate the 


hydrogen ion. 


71. The electrons in the O—H bond would be drawn even closer to the 
oxygen (and away from the hydrogen) as they are drawn towards the 
positive charge of the aluminum ion. Thịs has the effect of making the 
O-H bond mơre polar. 
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73. As the water molecule binds to the aluminum Ion, the H—Q@ 
bond becomes more polar. This means that the water molecule is 
more readily able to form hydrogen ions, which makes the solution 
acidic. 

75. To answer this question, ask yourselfwhich base might be more 
willing to lend its lone pair to a positive charge on another molecule. 
Consider that the Ñuorines in triluoronitrogen have the effect of 
pulling these lone pair electrons closer to the nitrogen because of their 
great clectronegativities (clectron pulling power). Furthermore, con- 
sider which of theses bases would be better able to accommodate the 
resulting positive charge on the central nitrogen. The Ñuorines puÌÏ on 
electrons so well because of their strong effective nuclear charge, which 
is positive. Putting a positive charge on the central nitrogen of triuo- 
ronitrogen, therefore, would be more difficult because positive charges 
repel positive charges. 


77. As can be deduced from their relative positons in the periodic 
table, the uorine atom is much smaller than the iodine atom. The 
atoms ofthe HE bond, therefore, are closer together than are the 
atoms within the H-I bond. When ït comes to electrical attractions, 
closeness wins. Thus, the H—F bond is stronger. 


79. As given in the answer to exercise 77, the H-I bond ¡is weaker and 
so It 1s easier to break. This, in turn, means that the H—I molecule 
more readily splits apart to form the hydrogen ion. The H-I, there- 
fore, is a stronger acid. Notably, upon these molecules behaving as 
acids, the resulting Ñuoride ion, E”, ¡s better able to accommodate a 
negative charge than the resulting iodide ion, I” (because ofthe Ñuo- 
rine§ greater effective nuclear charge). This would favor the H—F 
being the stronger acid. However, experiments show that the ease of 
bond breaking is a more significant factor in determining bond 
sưength. 


81. The positive sodium ion o£sodium hypochlorite combines with 
the negative chloride ion oFhydrochloric acid. Meanwhile, the nega- 
tive hypochlorite ion combines with the positive hydrogen ion to form 
hypochlorous acid, HOCI. Thịs is the answer you should give based 
upon the concepts presented in this chapter. FYI, the hypochlorous 
acid continues to react with hydrogen chÏoride to form water and poi- 
sonous chlorine gas, CÍ;, which ¡is why bleach and toilet bowl cleaner 
should NEVER be mixed together. 


83. The hydride ien ¡sa hydrogen atom with two electrons, which 
palr together as a lone pair. According to the Lewis definition, the 
hydride ion behaves as a base. In fact, the hydride ion is a very strong 
base. It will react with water, pulling a positive hydrogen ion ofF of the 
water to create H; plus hydroxide ions, OH”, as follows: 


H:+H-O-H —> H:H+OH- 
85. You need not know the name of the molecule that forms upon the 
reaction oŸwater and sulfur dioxide. You should, however, be able to 


deduce its structure and chemical formula, H;„SO;. FY1, the name of 
this molecule ¡s sulfurous acid. 
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Sulfurous acid 
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87. If the chalk is made of calcium carbonate, CaC}O., ¡t is made of 
the same active ingredient found in many antacids. The calcium car- 
bonate is a base that reacts to neutralize any cxccss acids. Be carcful, 
though, never to take too much calcium carbonate because the stom- 
ach ¡s designed to always be somewhat acidic. 


89. It ¡s the alkaline character of limestone (also known as calcium car- 
bonate) that serves to neutralize waters that might be acidifcd in the 
midwestern United States. 


91. The warmer the ocean, the lower the solubility oFany dissolved 
gases, such as carbon dioxide, CO... Less CO, would be absorbed and 


more ofit would remain to perpetuate global warming. 


93. You are at a bottle cap convention where you hope to selÏ your 
bottle caps. You soon realize, however, that youe a lousy salesper- 
son. Futhermore, all the other vendors at the convention are 
extremely excellent salespeople. Not only do they steal away all your 
potential customers, but they re so good that you end up buying bot- 
tle caps from them as well. In the end, you have given away no bottle 
caps to others. Likewise, carbonic acid is unable to give away any 
hydrogen ions in the midst ofa concentrated solution ofsuch a 
strong acid. 


95. As discussed in the answer to exercise 94, trees and other photo- 
synthetc plants absorb atmospheric carbon dioxide in the summer, 
which causes a decrease in atmospheric CO; levels by the fall. During 
the winter, the plants lose their leaves and photosynthesis stops. The 
fall and winter decay othe organic matter generates carbon dioxide, 
which increases the atmospheric CO, levels by the spring. Most of the 
land mass ofour planet is located in the northern hemisphere. There- 
fore, thats where most of the CO;-consuming photosynthesis from 
trees and plants takes place. 


97. The hydrogen chloride, which behaves as an acid, reacts with the 
ammonia, which behaves as a base, to form ammonium chloride. The 
concentration oFammonium chloride in this system, therefore, 
increases while the concentration ofammonia decreases. 


99. When the acting buffering component is all neutralized. 


101. The concentration ofhydroxide ions is l < 10“ mole per liter. 
103. The pH ofthis solution ïs 4 and ït is acidic. 


105. The concentration of hydronium ions in the pH = 1 solution is 
0.1M. Doubling the volume ofsolution with pure water means that 
Its concentration is cut in haÏÌ£ The new concentration oFhydronium 
1ons after the addition of 500 mL of water, therefore, ¡is 0.05 M. To 
calculate for pH: 


pH =-log [H;O'"] = -log (0.05) = —(-1.3) = 1.3 


CHAPTER 11 


31. The tin ion, Sn”*, gains electrons and is reduced, while the silver 
atom, Âg, loses electrons and ¡s oxidized. 


33. The tin ion, Sn”", ¡s the oxidizineg agent because it causes the silver, 
Ag, to lose electrons. Meanwhile, the silver atoms, Ag, are the reduc- 
1ng agents because they cause the tin ion to gain electrons. 


35. The sulfur is oxidized as it gains oxyøen atoms to form sulfur 
dioxide. 


37.a.oxidaton; b.oxidaton 


39. The atom that loses an electron and thus gains a positive charge 
(the red one) ¡s the one that was oxidized. 


ÁI. An oxidizing agent causes other materials to lose electrons. Ït does 
so by its tendency to gain electrons. Atoms with great electronesativity 
tend to have a strong attraction for electrons and, therefore, also 
behave as strong oxidizing agents. Conversely, a reducing agent causes 
other materials to gain electrons. Ít does so by its tendency to lose elec- 
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trons. Atoms with great electronegativity, therefore, have little ten- 
dency to bchave as reducing agents. 


43. Fluorine should behave as a stronger oxidizing agent because it has 
a greater cffectivc nuclcar charge in its outermost shell. 


45. The elcctrons fow from the submergcd nail to the copper ions in 
solution. 


47. The anode is where oxidation takes place and free-roaming elec- 
trons are generated. The negative sign at the anode ofa battcry indi- 
cates that this electrode ¡s the source of negatively charged electrons. 
They run from the anode, through an external circuit, to the cathode, 
which bears a positive charge to which the electrons are attracted. 
(When a battery is recharged, energy ¡s used to force the electrons to 
go in the opposite direction. In other words, during recharging, the 
electrons move from the positive electrode to the negative electrode—— 
a place where they would not ever go without the input ofcnergy. 
Electrons are thus gained at the negative electrode, which is now clas- 
sifed as the cathode because the cathode ¡s where reduction occurs 
and the gain ofelectrons ¡s reduction. Look carefully at Figure 11.11b 
to see how this is so.) 


49. As long as fuel is supplied, fuel cells dont run down, but car bat- 
teries die when the electron-producing chemicals are consumed. 


51. The electrolysis ofFbrine (saltwater) yields chlorine gas, C];, in 
addition to sodium hydroxide, NaOH, and hydrogen gas, H¿. 


2NaCl(zz +2H;O —> 2NaOH(ø2) + CI;,(2 + H;(ø 


53. The chloride ions ofthe brine solution are attracted to the positive 
charge of the electrode. pon contact, they lose electrons to form 
chlorine molecules, CI;. Notably, some external source of energy is 
required for this electrode to maintain its positive charge. 


55. According to the chemical formula for iron hydroxide, there are 
two hydroxide proups for every one iron atom. Each hydroxide group 
has a single negative charge. This means that the iron ofiron hydrox- 
ide must carry a double positive charge, which is no different from the 
free EFe”" ion from which ít is formed. Thịs reaction ¡is merely the com- 
¡ng together ofoppositely charged ions. 


57. The Cu”" ion is reduced as it gains electrons to form copper metal, 
Cu. The magnesium metal, Mg, is oxidized as ít loses electrons to 


form Mg”". 


59. How much power a battery can deliver is a function oÊthe number 
ofions in contact with the electrodes—the more Ions, the greater the 
power. Assuming the lead electrodes (seen as a grid within the battery) 
are completely submerged both before and after the water has been 
added, then dilutng the ionic soluuon of the car battery will decrease 
the number ofions in contact with the electrode and thus decrease the 
power of the battery. This effect is only temporary because more ions are 
soon generatcd as the battcry is recharged by the generator. IÝ the water 
level inside the battery, however, is so low that the internal lead elec- 
trodes are no longer completely submerged, then adding water Increases 
the surface area of the electrode in contact with the solution. Thiís coun- 
terbalances the weakening effect of diluting the Ionic solution. 
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61. Nothing happens. An immediate buildup o£charge in either mate- 


rial prevents continucd oxidation-reduction from occurring. 


63. No electric current passes throueh the wire because this would 
result in a prohibitive buildup of charge. For example, the copper 
would become negative soon after the first electrons arrived. Thĩs neg- 
ative charge, however, would prevent any additional electrons from 
lcaving the “more readily oxidized” zinc to come over to the copper. Ïn 
order for there to be a current, this charge buildup must be alleviated, 
which ¡s the function of the salt bridge. 


65. Within carbon dioxide there are two oxypen atoms Íor every one 
carbon. With the product oŸphotosynthesis (glucose), however, there 
1s onHy one oxygen for every one carbon. Furthermore, the carbon now 
has more hydrogens around it. This all tells us that carbon is getting 
reduced. 


67. As the carbon of propane, C;H;, forms carbon dioxide, CÔ», ít is 
losing hydrogen and gaining oxygen, which tells us that the carbon is 
being oxidized, which ¡s the opposite of what happens to carbon dur- 
¡ng photosynthesis. 


69. Recognize that there is a total charge of2* with the reactants, but a 
total charge of 1 with the products, which ¡s not balanced. To balance 
the charges, we need two silver ions, Ag". But to account for two silver 
ions, we also need two silver atoms, Ag, as follows: 


Sn””+2Ag —> Sn+2Ag" 


71. The ñrst step is to balance the atoms by showing two chloride 
ions, CỊ”, before the arrow: 


ŒE  +2GI: —š Ge92 G1, 


Thịs brings the total charge of the reactants to 2°, while the total 
charge of the produects is 3", which is not balanced. To balance the 
charges, we need two Cef" ions and two Ce”” ions as follows: 


Để +O( —> 2G 3G; 


73. The relative proportion of hydrogen is greater in glucose than it is 
in pyruvic acid. In glucose there are 12 hydrogens for every 6 carbons, 
which is a Ó:3 ratio. In pyruvic acid, however, there are 4 hydrogens 
for every 3 carbons, which is a 4:3 ratio. Because there are proportion- 
ately fewer hydrogens in pyruvic acid, we see that the ølucose is oxi- 
dized as it transforms into pyruvic acid. 


75. There is a lower ratio of hydrogen atoms in the acetaldehyde prod- 
uct, which tells us that the grain alcohol is being oxidized. 


77. The hydrogen sulfide, H;S, produced by people is a corrosive gas 
that over time can cause harm to the artwork. 


79. Aluminum oxide is insoluble in water and thus forms a protective 
coating that prevents continued oxidation of the aluminum. 


81. Combustion reactions are generally exothermic because they 
Involve the transfer ofelectrons to oxygen, which ofall atoms in the 
periodic table has one of the greatest tendencies for gaining electrons. 


83. The oxygen ¡is chemically bound to hydrogen atoms to make 
water, which is completely different from oxygen, ©„, which is what is 
required for combustion. Another way to phrase an answer to this 
question would be to say that the oxygen in water is already “reduced,” 
¡n the sense that ¡t has gained electrons from the hydrogen atoms to 
which ít is attached. Being already reduced, this oxyeen atom no 
longer has a great attraction for additional eÌectrons. 


85. Thịs is very bad news to have iron and copper pipes In contact 
with cach other. The iron atoms will Ìose eÌectrons to the copper 
atoms, which will pass those electrons onto oxygen atoms that are in 
contact with the surface, much as is indicated in Eigure 11.18. 


87. Both! The nitrogen is oxidized as it reacts with the oxyeen while 
the oxygen ¡s reducced. Remembcr, wherever theres an oxidation, there 
must be a reduction. 


89. One of the products of combustion is water vapOr. 
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91. Sixteen grams of methane, CH¿, is 1 mole oŸ methane. According 
to the balanced cquation, 1 mole of methane produces 2 moles of 
water, which has a mass of 18 x 2 = 36 grams. Thus, for every 16 
grams of methane combusted, 36 grams of water vapor are produced. 


93. The gaseous products of the electrolysis of water could be col- 
lected with large bags attached to the hull of the ship. As the bags 
infate with the gas, they are buoyed upward, pulling the ship also 
upward. 


95. The body mechanisms for oxidizing foods act on drugs, causing 
them to be oxidized as well. 


97. These compounds show an increase in the degree ofoxidation. 
The least oxidized ¡s ethane, followed by ethanol, which has an added 
oxygen atom. Acetaldehyde is more oxidized than ethanol because it 
contains fewer hydrogens. The acetic acid is more oxidized than the 
acetaldehyde because it contains more oxygen. The least oxidized, 
cthane, is the most nonpolar. The most oxidized, acetic acid, ¡s the 
most polar. Thus, there appears to be a general trend that the more 
oxidized, the more polar. There are, however, exceptions. Ethanol, for 
example, is more polar than acetaldehyde because it contains the polar 
oxygen-hydrogen bond. 


99. Polar molecules are easier to excrete because of their greater solu- 
bility in water. For example, upon dissolving in water, they can be 
excreted through urine. Nonpolar molecules, by contrast, tend to 
adhere within nonpolar tissues, such as fat tissues. Vitamin A, for 
example, ¡sa nonpolar molecule that is retained by the body within fat 
tissues for many months. This is in contrast to polar B-vitamins, 
which pass out of the body through the urine within a day. 


CHAPTER 12 


31. Carbon atoms are unique ¡n their ability to form strong chemical 
bonds repeatedly with other carbon atoms, which permits the forma- 
tion o£countless possible structures. 
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35. There are onlÌy two structural isomers drawn. The one in the mid- 


dle and the one on the right are actually two conformations of the 
same isomer. 


37. To make it to the top of the fractionating column, a substance 
must remain in the gaseous phase. Only substances with very low boil- 
¡ng points, such as methane (bp —160°€) are able to make ¡t to the 
top. According to Figure 12.3, gasoline travels higher than kerosene 
and so ít must have a lower boiling point. Kerosene, therefore, has the 
higher boiling point. 

39. The pressure is greater at the bottom of the fractionation tower 
because ofa higher temperature and because ofa greater number of 
vaporized molecules. 


41. As per the answer to exercise 40, heavier hydrocarbons have a 
greater proportlon of carbon, which ¡is why, on a gram-to-gram basis, 
they produce more carbon dioxide. Thus the claim that natural gas, 
CH¡, is a cleaner-burning fuel. 


43. C;H;; 

45. C.H¿O 

47. First, Ind the longest chain of carbon atoms. Notice that this ¡s a 
5-carbon chain, which ¡s indicated by the “pbent” suffñx of pentane 
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(pent-” means 5 as in a pentagon, which ¡s a polygon with five sides). 
Also notice that the methyÌ group comes ofŸ of the second carbon of 
this chain, which ¡s what the “2” of2-methyl-pentane indicates. 
Accordingly, 3-methyl-pentane has the methyÌ group coming off of 
the third carbon. In organic chemistry, the names of the molecules 
often describe the structurc. 


1 . 5 
3-methyl-pentane 


49. In order of least to most oxidized b < a< d < c, where c is the most 
oxidized. Note how this was the order of their presentation within the 
chapter. The most reduced hydrocarbons were introduced first, fol- 

lowed by the alcohols, followed by the aldehydes, followed by the car- 


boxylic acids. 


51. There are eight carbons in the longest chain: 


53. Answer (b). Ít is preferable to keep the names as short as possible. 
So rather than repeatine “methyl” twice, ifs more efficient to say 
“dimethyl” which means two methyls. The numerals indicate where 
these methyls are attached. Also, note that the naming is based upon 
the longest chain, which ¡s eight carbons. Answers (c) and (d) are 
based upon a shorter seven-carbon cha¡n, where the suffix -2Øep¿ means 
seven. 


55. The second and the fourth structures are the same. In all, there are 
three different structures shown. 


57. The second, third, and fourth structures ofexercise 55 and all the 
structures of exercise 56 are all 3-methyl-2-pentene. 


59. Bccause of the double bond and its inability to rotate, there are 
two distinct isomers of 3-methyl-2-pentene. One ¡s where the methyl 
groups are on opposite sides of the double bond. Th¡s ¡s called the 
trans isomer. Â second isomer is where the methyl groups are on the 
same side ofthe double bond. This is called the cis isomer. 


F2 UING cóy side 


opposite b, =. = 


61. (đ) all of the above. 
63. If the bulk of the “large” alcohol ¡sa nonpolar hydrocarbon cha¡n, 


then the alcohol may be insoluble in water. 


65. Ingesting methanol is indirectly harmful to oneS eyes because in 
the body it is metabolized to formaldehyde—a chemical most toxic to 
living tíssue. Methanol, Just like ethanol, however, also has inherent 
toxicity and ¡s thus also directly harmful. 


67. The Huorines love negative charges because of their øreat elec- 
tronegativities. After the phenol loses the hydrogen, the resulting neg- 
ative charge can migrate to the 2, 4, and 5 positions of the benzene 
ring, as shown in Eigure 12.12. The fÑuorines at these positions heÌp to 
stabilize the negative charges, which makes it even easier for the 
hydrogen to be lost. In other words, the 2,4,5-triluorophenol has an 
casier time accommodating the negative charge that results after this 
compound donates a hydrogen ion, which makes this compound 
more acidic than a phenol lacking the Ñuorines. 
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69. Threc cthyl groups surrounding a central nitrogen atom malkes trỉ- 
ethyÌ amine. 


) 
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(free base) 


73. The HCI would react with the free base to form the water- 
soluble, but diethyl ether-insoluble, hydrochloric acid saÏt of caf- 
feine. With no water available to dissolve this material, it precipi- 
tates out o£the diethyl ether as a solid that may be collected by 
fltration. 


75. The caprylic acid reacts with the sodium hydroxide to form a 
water-soluble salt, which dissolves in the water. The aldehyde, on the 
other hand, ¡s not acidic so ¡t wilÏ not form a water-soluble salt. 


77. No! Thịs label indicates that it contains the hydrogen chloride salt 
o£phenylephrine, but no acidic hydrogen chloride. Thịs organic salt is 
as different from hydrogen chloride as is sodium chloride (table salt), 
which may also go by the name of “the hydrogen chloride salt of 
sodium.” Think ofit this way: Assume you have a cousin named 
George. Now, you may be GeorgeS cousin, but in no way are you 
George. In a similar fashion, the hydrogen chloride salt of phenyl- 
ephrine is made using hydrogen chloride, but ít is in no way hydrogen 
chloride. A chemical substance is uniquely diferent from the elements 
or compounds from which it is made. 


79. Atan acidic pH, the structure shown in (€) is the most likely. This 
is because the amine group behaves as a base, which means that it wilÍ 
react with the hydronium ions (which are abundant at low pH) to 
form the positively charged nitrogen ion. 


81. 


1. ether 
2. amide 

3. ester 1 
4.amide  H;ạC—=O 
5. alcohol 

6. aldehyde 

7. amine 

8. cther 

9, ketone 


CHạO sẽ 
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83. These compounds have the same chemical formula, CHBrC]F 


85. These molecules are nonsuperimposable mirror images of each 
other. Although they have the same€ chemical formula, they are 4s 
distinct from cach other as are left- and right-handed gloves. Mole- 
cules that are nonsuperimposable mirror images of cach other are 
called s/reøzsøzers. Many naturally occurring molecules have 
S(€T€OISOm€TS. 
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87. No one really knows the answer ro this queston. Left-handed 
amino acids have no inherent superlority over right-handed amino 
acids for biological function. Indeed, right-handed amino acids do 
occur In nature, but they are never found in proteins. It could be, 
however, that the machinery for creating proteins works more cfñ- 
ciently when working with one or the other rather than a mix of left 
and right. The left-handed amino acids were then picked up by a 
50—50 chancc. Once in place, organisms could then only feed offof 
other organisms that were of the same handedness. This would be 
another example of showing how all lifc is so yery interconnected, 
down to the handedness of the molecules that make us. 


89. The products are water and the salt sodium benzoate, which is a 
common food preservatIve. 


PB 6m Na† 


Sodium benzoate 


91. Replace the carboxyl group with a hydrogen and you have the 
structure of cadaverine. Interestingly, the voodoo liÌy transforms its 
lysine into cadaverine in order to attract pollinators, usually those that 
normally dine on the carcasses of dead animals. 


93. The combustion of polyacrylonitrile produces hydrogen cyanide. 
Any of the chlorine-containing polymers will produce hydrogen chlo- 
ride upon combustion. This would include polyvinyl chloride and 
polyvinylidene chloride. 


95. A polymer made of long chains is likely to be more viscous because 
of the tendency of longer chains to get tangled among themselves. 


97. A ẳHuorine-containing polymer such as Teflon. 


99. Note the similarities between the structure o£ SBR and polyethyl- 
ene and polystyrene, all of which possess no heteroatoms. SBR is an 
addition polymer made from the monomers 1,3-butadiene and 
styrene mixcd together in a 3:1 ratio. Notably, SBR ¡s the key ingredi- 
ent that allows the formation ofbubbles within bubble gum. 


CHAPTER 13 


31. A carbohydrate is made from water and carbon dioxide but in no 

way does it “contain” these two materials. Recall from Chapter 2 that 

a chemical product, such as a carbohydrate, is uniquely different from 
the chemical reactants that were used to make that product. 


33. Both cellulose and starch are polymers ofglucose. They differ in 
how the glucose units are linked together. In cellulose, the linking 
results in linear polymers that stronply align with each other, øiving 
rise to a tough material useful for structural purposes in pÏlants. In 
srarch, the linking ¡s such that it permits the formation ofalpha 
helices, which make possible the periodic branching ofthe polymer 
cha¡n. 


35. In amylose, the glucose units are linked ¡n chains that coil. In 
amylopectin, the glucose units are branched. 


3⁄7. Cholesterol ¡s the starting material that the body uses to build 
many biologically Important steroids, including the sex hormones. 
Although not mentioned in the text, you might be interested to know 
that cholesterol ¡s also an important componenrt ofa celÏs plasma 
membrane, which is strengthened by the various intermolecular forces 
exerted by the cholesterol. 


39. Silk contains many pleated sheets, which consist predominateÌy oŸ 
nonpolar amino acids, such as phenylalanine and valine. Because silk 
is mostly nonpolar, there is a natural repulsion between it and water. 
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Cotton, by contrast, is made of the polysaccharide cellulose, which has 
many water-attracung polar hydroxyl groups. Cotton, therefore, will 
soak up water much more readily than will silk, 


41. Untreated new hair grows ¡n to replace treated old hair. 
43. Ser-Leu-Ser-Leu-Cys 


45. The amino acid side chains of glutamic acid, aspartic acid, and 
tyrosine are acidic due to the carboxylic acid or phenolic functional 
groups they contain. At high pHs these functional groups wilÏ lose a 
hydrogen ion to form a negatively charged ion that is carried by the 
oxygen of these functional groups. Thus, in going from a near neutral 
to higher pH, these side chains may develop an ionic charge. Similarly, 
the alkaline side chains ofamino acids such as lysine and histidine will 
gain a hydrogen ion at low pHs. The development ofionic charges on 
these acidic or basic side chains with changes in pH will markedly alter 
the intramolecular attractons that occur within a polypeptide, whích 
may thus Ïose ïts original structure and become denatured. 


47. The primary stucture ofa protein ¡s simply the sequence ofamino 
acids within that protein. These linked amino acids can either curÌ 
into an alpha helix or crisscross to form pleated sheets, which are 
examples of secondary protein structures. The protein chain ofamino 
acids is typically quite long, such that it may have regions ofalpha 
helices and regions of pleated sheets. The larger structure ofthe pro- 
tein that includes all the various contours ofthe whole protein ¡s the 
tertlary structure. ÍÏn some Instances, twO OT mOF€ t€TtI4TY StTuCfur€S 
will come together to form an even larger complex known as the qua- 
{€rnary StFUCtLc. 


49. Arginine is coded for by the sequence AGG. 


51. “Sttcky ends” are on strands that are cleaved unevenly that allow 
the formation of recombinant DNA when they are cleaved by the 
same restriction enzyme because the ends match. 


53. Cytosine with its amine group transformed into an amide is 
uracil. If uracil were present as a normal component oŸDNA, ¡t would 
not be distinguished from those generated by cytosine degradation. 
The repair enzymes would transform all the uracils—those that came 
from cytosine and those that didYt— into cytosine, thereby creating 
only three nucleotides in DNA rather than four. The methyl øroup on 
thymine is apparently the “label” that rells the repair enzymes to leave 
it alone, thus preventing faral loss of genetic information. 


55. The two strands oFDNA are held together by the molecular 
attractons that occur between nucleotides. Because of their molecular 
structures, however, the nucleotides are particular in the attractions 
they have for each other. Guanine and cytosine, for example, are best 
attracted to cach other, while adenine and thymine are best attracted 
to cach other. Accordingly, within the DNA double helix for each ade- 
nine on one strand there is a thymine on the opposing strand to which 
Ít is attracted. The number ofadenines and thymines in DNA, there- 
fore, ¡is always the same. 


57. Thr-Gln-Arg—Asp—Val. Th¡s would cause the øene to generate a 
polypeptide markedly different from the one it was originally intended 
to produce. Such a change would be detrimenral, and perhaps lethal, 
to the organism in which ít occurred. 


59. There are two symmetrical sequences in this segment that may be 
identiicd by restriction enzymes: 


G0 S1 lA TC CG j G1 Kố tà G GA AC 
GIÓ. VAO LG i6 AC CC Jjg n(G 


61. Only the ionic forms of these minerals are soluble in water. The 
minerals must be soluble in water in order to be transported and uti- 


lized throughout the body. 


63. Both statements are valid but the second statement, (b), states 
more accurately why it is that we need vitamins. Vitamin-deficilency 
diseases, such as scurvy, result when certain catabolic and anabolic 
reactions are not able to procecd efficiently ¡n the absence of these 
1mpOrtant nutrienrs. 
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65. During digestion, the glucose units of starches, such as amyÌose 
and amylopectin, are broken offonly from the ends of these chains. 
The bulk of the glucose units found within starch, therefore, become 
available as free glucose molecules slowly, as compared to when the 
body digests a comparable quantity of sucrose, which is not a polymer. 


67. These polyunsaturated fatty acids came from the cowS vegetar- 
ian diet. 


69. Every muscle in your body ¡s a source oFamino acids for yourself 
(as well as for any organisms that might end up cating you). Ïn tỉmes 
Of starvation, your body will access this source ofamino acids, result- 
¡ng ¡in a decrease in your muscle mass. 


CHAPTER 14 


31. Itis the vast diversity of organic chemicals that permits the manu- 
facture of the many different types of medicines needed to match the 
many different types ofillnesses. 


33. In synthesizing the natural product ¡n the laboratory, the chemist 
is able to create closely related compounds that may have even greater 
medicinal properties. Also, synthesizIing a natural product can be 
advantageous when the source of the natural product is rare and thus 
not readily available. 


35. Whether a drug ¡s isolated from nature or synthesized in the labo- 
ratory makes no difference as to “how good it may be for you.” There 
are a multitude ofnatural products that are downright harmful, just as 
there are many synthetic drugs that are also harmful. The effectiveness 
o£a drug depends on its chemical structure, not the source of this 
chemical structurce. 


37. Cancer chemotherapeutics dont typically kill all of the cancer 
cells, but only a hiph percentage of them. The remaining cancer cells 
are fnished offFby the immune system. The earlier the cancer is 
caught, the fewer the number of cancer cells there are that need to be 
killed, whích makes ¡t easier for the chemotherapy and the immune 
system to work together. \W¡th later-stage cancer, the number of cancer 
cells left over after the chemotherapy might still be too many for the 
immune system to handle. Also, most cancer chemotherapy agents 
used today work by killing cancer cells that are in a state ofcellular 
division. Young tumors have a greater percentage of dividing cells than 
do older tumors. Thus, young tumors are quicker to succumb to 
chemotherapy. 


39. This is an example of using the synergistic effect to our advan- 
tage. The virus ¡s slowed down by protease inhibitors and also by 
antiviral nucleosides. Combining both these agents, however, cre- 
ates an effect that is greater than when these two agents are given 
independently. 


41. Of the 6 billion humans, 3 billion are women. The percentage 
of women using birth control pills, therefore, ¡s 60 million/3 billion 
x 100 = 2 percent. Birth control pills, therefore, have probably had 
only a minor impact on the worldwide growth of the human 
population. 


43. Neurons maintain electrical potential across a membrane by 
pumping sodium ions from their inner hollow channels. 


45. Many stmulant drugs work by blocking the reuptake of excitatory 
neurotransmitters. Stuck inside the synaptic cleft, these neurotrans- 
mitters are decomposed by enzymes. By the time the reuptake is no 
longer blocked by the drug, there are few neurotransmitters left to be 
reabsorbed by the presynaptc neuron, which by this point is also 
deprived of neurotransmitters. With a lack of neurotransmitters, there 
1s little communication that goes on between neurons, and this has the 
effect of making the drug user depresscd. 


47. Gardeners must exercise extreme care when using solutions of 
nicotine because nicotine is extremelÌy poisonous to humans. 


49. The effective dose of MDA is many times greater than is the effec- 
tive dose of LSD. In other words, whereas MIDA ¡s taken by the mil- 
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ligram, LSD ¡s taken by the microgram. Because so much ofthe MDA 
¡s taken, negative side effects are more likely to appear. 

“The workings of drug withdrawal, however, are quite complex. 
Consider the following: A coffee drinker gets a headache when he or 
she stops drinking coffee. The headache results, however, because the 
caffeine in the coffee ¡s having side effects, one of which is a dilation of 
blood vessels. Over time, the coffee drinkers body becomes accus- 
tomed to this dilation to the point that ¡t is able to counteract the dila- 
tion by applying a force that causes constriction. ÑW/hen the coffee is 
no longer consumed, the body doesnt know to stop counteracting the 
dilation. Blood vessels, therefore, become overly constricted, and that 
gIves rise to a headache, which prompts the coffee drinker to drink 
more coffee. 

Likewise, with repeated use of MDA, the body develops a toler- 
ance to its side efects. Lpon stopping the use of MDA, the body ¡s 
suill working hard to tolerate the drug. Thus, it is the body own 
counteraction to the drug that drives the MA user to continue the 
use ofF MDA. It§ a vicious cycle driven by some very real chemistry. 


51. The advantage is that the person doesnt run the risk of being sent 
to jail upon smoking marijuana. The disadvantage is that ¡f the person 
1s already nauseous, then he or she may be less likely to be able to hold 
the chemical in their stomachs long enouph for the antinausea effect 
to occur. Recall from this chapter that one of the quickest routes of 
drug administration, besides injection, is inhalation. 


53. Ofcourse, once the structure o£benzocaine is modifed, ¡ít is no 
longer benozocaine but some other chemical. Extend the ester group 
so that there is a nitrogen atom two carbons away from the esterS 
lower oxygen atom, as seen in Figure 14.43, and yoưÏÏ end up with a 
compound, such as procaine, which has much greater anesthetic 
Properties. 


55. Endorphins likely came frst, and then humans made the discovery 
ofhow opium conrains compounds that mimic the efect of endor- 
phins. Thus, “opioids have endorphin activity.” hy this 1s so 1s some- 
thing you should be sure to discuss with your instructor. 


57. The plaque deposits can break offand become lodged in narrow 
arteries, where they prevent the ow ofoxygen- and nutrient-rich 
blood to cells. 


59. Beta-blockers block norepinephrine and epinephrine from bind- 
¡ng to beta-adrenoceptors and a calcium channel blocker inhibits the 
Row of calcium Ions into muscles. Both slow down and relax the heart. 


CHAPTER 165 


31. This oxygen is not gaseous Ô;, but oxygen atoms bound to the 
cellulose structure. 


33. The amount ofbiochemical energy decreases with cach passing 
level because animals being consumed have lost most of their bio- 
chemical energy through their metabolism before they are consumed. 


35. The higher the trophic level, the less biochemical energy is avail- 
able to sustain a population. Qur great and growing numbers are pOs- 
sible only because of our ability to eat as primary consumers. 


37. This makes it easier for the air to permeate into the soil so that 
oxygen can get to the roots of the grass. The occasional poking of 
holes also helps the soil to remain loose enough so that ¡it is able to 
retain Water. 


39. As tractors and other heavy farm machinery compact the soil, the 
soil fertility is adversely affected. Thịs is because the compacted soil 
has fewer open spaces in which to hold water and air, both ofwhich 
are needed by the plants roots. 


41. Although nutrient rich, clay has low plant fertility because it lacks 
the open spaces needed to contain water and oxygen. 

43. Plants are preen because of the chlorophyll they contain. Chloro- 
phyll, however, requires the porphyrin ring system, which contains 
nitrogen. Ifa plant is defcient in nitrogen, it will be ess able to pro- 
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duce the porphyrin ring system and will thus be defcient in chloro- 
phyll. Wich less chlorophyll, the plant loses its green color and appears 


yellow. 


45. DDT has such a strong affinity for fat tissue because both it and 
fat tissue are hiphly nonpolar substances. 


47. One reason that earthworms increase soil fertility 1s that they help 
to make the soil more porous as they tunnel through ¡t. The soil struc- 
ture, therefore, mipht become more compact as the earthworms retreat 
from the regions ofhigh nutrient concentration. 


49. Sawdust is mostly ground up cellulose, which, as presented in 
Chapter 13, is made of only carbon, oxygen, and hydrogen. The saw- 
dust, therefore, has the lowest N—P-K rating of0.2—0-0.2. Fish meal 
1s a good source oŸ protein, and proteins are hiph in nitrogen. The ñsh 
meal, therefore, has the N—P~K rating of 5—3—3. Ás discussed in Sec- 
tion 10.1, wood ashes are a source of the alkaline material potassium 
carbonate, K,CO;. The wood ashes, therefore, have the N—P-K rating 
of0-1.5-8. 


51. Both organic farming and integrated crop management aim to 
produce crops in an environmentally friendly and sustainable manner. 
Organic farming tends to shy away from the use of high technology so 
that there is a greater reliance on a personal, human touch. Inteprated 
crop management tends to embrace sophisticated technology so that 
the crops can be produced on a large scale to meet the necds oŸour 
expanding human population. 


53. There are two main reasons why it is benefcial to grow crops 
simultaneously in the same field. First, soil fertility can be improved 
when nitrogen-depleting crops, such as corn, are grown adJacent to 
nitrogen-generating crops, such as a legume. Second, pest infestations 
are more easily contained. For example, iŸone zone ofcorn becomes 
infested, the infestation ¡s less likely to spread to other zones when 
those other zones are separated by another crop which ¡s not amenable 
to the corn pest. 


55. The pollutants are made of the same atoms as naturalÌy occurring 
materials. This includes atoms such as carbon, oxygen, and nitrogen. 
You know from your study of chemistry, however, that atoms combine 
to form molecules. Furthermore, the physical and chemical properties 
ofa molecule are markedly different from the properties of the atoms 
that make that molecule. They are the molecules (not atoms) ofindus- 
trial wastes and agricultural pollutants that are oprime concern 
because these molecules in excess amounts may readily upset ecologi- 
cal balances. 


57. The advances in genetic engineering allow us to quickly modify 
plants to improve upon their nutritional qualities and to make them 
more resilient to pest Inftration. 


59. Some plants are already fairly tolerant of salty soils. The gene or 
genes that allow for this greater tolerance mipht be inserted into other 
plants that normally have a low tolerance for salty soils. 


CHAPTER 16 


31. People need fresh water to survive and prosper. [ts onÌy natural, 
then, that communities ñrst developed around areas where fresh water 
was fairly casy to obtain. Such areas include those where the water 
table appears overground, which includes rivers, lakes, and streams. 
Only with newer technologies has it become feasible for humans to 
settle where overground fresh water is not so abundant. In these 
regions—such as where Denver, CO, is now located——the majority of 
drinking water is obtained from deep wells that tap into groundwater. 


33. The ultimate sink for nearly all rainfall on Earth is the oceans. 


35. Most groundwater appears ¡n aquifers, which are underground 
regions through which water flows, albeit relatively slowly. If ground- 
water removal is stopped, then the fow of water through the aquifer 
will slowly recharge a region in which most of the groundwater has 
been depleted (where subsidence has occurred). Because of the subsi- 
dence, however, the underground soiÍ is now mụch more compact, 
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which means that the soil ¡s not likely to hold as much water as It once 
dịd. IÊunderground water removal is stopped, therefore, the land may 
rise some because of the recharging effect, but not likely back to its 
original level. 


37. On account ofimproved Irrigation techniques, total water usage 
in the United States has dropped slightly since the 1980s. This trend, 
however, is expected to reverse irselfas the population and industrics 
continue to đevelop. 


39. Groundwater moves only slowly, which means that any pollutants 
added to the groundwater will remain there and not be “fñushed away” 
for quite some time. Furthermore, there is no way for us to clean pol- 
luted groundwater while it is in the ground. Our only choice would be 
to pur1fy that which we extract. 


4I. A big advanrage to using chỈlorine is that it provides protection 
from pathogens for several days after ¡t has been applied. A drawback 
to this is that the residual chlorine can adversely affect the taste of the 
water. Qzone, ›, is very effective at killing pathogens; however, soon 
after it is bubbled through the water it decomposes to oxygen, ©›. 
Thus, ozone does not remain in the water for as long as chlorine does 
to provide for longer-lasting protection. If the ozonated water is con- 
sumed fairly soon, however, this may not be a problem. Furthermore, 
because the ozone decomposes, the ozonated water tends to taste bet- 
ter than water that was originally treated with chlorine. 


43. Reverse osmosis can be applied to any soluton for the generation 
offresh water. The only prerequisite is that the solute particles be 
larger than the water molecules. This way, as pressure is applied to the 
solution, only the water molecules are able to pass through the semi- 
permeable membrane from the solution side to the fresh water side. 


45. Qur mouths are pretty good at discerning the tastes of residual 
components of drinking water—so much so that many of us are will- 
¡ng to pay the 1000 percent markup price that water bottlers charge 
for their products, which are only a fraction oFa percentaøe more pure 
than the water we can obtain from a local water utility. Because their 
purities are actually quite comparable, fushing toilets with municipal 
drinking water is about as wasteful as Ñushing it with bottled water. If 
water must be used, let it be a low-fush toilet or one that uses “øray 
water” from an upstairs bathtub, as shown by the following sketch: 


47. The concentration of water inside the red blood cell ¡s less than ¡s 
the concentration of water outside the red blood cell when the cell ¡s 
placcd in fresh water. As a result, the water migrates into the cel| (from 
a repion of high concentration outside to low concentration inside) to 
the point that so much water collects within the cell that the cel] 
bursts. 

Its important to note that when we spcak of osmosis (or reverse 
osmosis) we are referring to the concentration of water. This is quite 
unlike discussions in earlier chapters where we talked abour the con- 
centrations of s2/zzes dissolved in water. For the record, the concen- 
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tration oŸpure water can be obtained from its density, which is 

1.00 gram per milliliter. This many grams of water equals 0.0556 
mole; 1.00 milliliter equals 0.00100 liter. Thus, the concentration of 
pure water in units of moles per liter ¡s 0.556 mole/0.00100 liter, 


which equals 55.6 moles per liter, or 55.6 M. 


49. During the process of freezing, dissolved salts are naturally 
excluded during the formation of ice crystals. Seawater, therefore, can 
be desalinated by cooling the water to form crystals, which can then 

be melted to produce fresh water. Before a given sample oFocean water 
has been frozen, however, the mixture needs to be rinsed with fresh 
water to remove the salts. Otherwise, the salts collect within tiny 
pockets within the ice. Unfortunately, the amount of fresh water 
required to rinse of the freezing water is comparable to the amount oỂ 
fresh water obtained by this process, making the process relatively 
ineficient. 


51. Phosphates are a nutrient for many plants and microorganisms. [n 
the past, the phosphates from used laundry detergents often made their 
way into rivers, lakes, and ponds, where they caused the growth of 
plants and microorganisms, which grew so rampant as to choke of the 
natural supply of dissolved oxygen—a process known as eutrophication. 


53. The decomposition offood by bacteria in our digestive system is 
primarily anaerobic simply because there is little oxygen that makes it 
from our mouths to our intestines where food decomposition takes 
place. Âs a consequence, gases that come out our other ends are fre- 
quently of the odoriferous sort. 


55. At the wastewater treatrment facility, human waste is extracted 
from the water and typically ends up in a landfll. So why not use a 
composting toilet and skip the waste of water altogether and send our 
wastes directly to farmlands rather than to landfills? 


57. Advanced integrated pond systems to date are best suited for 
small communities that have access to wide areas of land and lots of 
sunshine. But even ¡f the conditions are right for a particular commu- 
nity, there is suill the social inertia to overcome for doing something 


diferent. 


59. Building a dam would allow for the formation oFa reservoir that 
could be tapped ¡in the dry summers. Unfortunately, dams are typically 
large and expensive projects. They also tend to trap valuable topsoil, 
which never makes it to downstream farmers. Water from the reservoir 
would then need to be piped to where it is needed. A governmenrtal 
allocation system would also be required. A far more economical and 
eficient method is to dig channels that guide monsoon rainwater to 
wells. Rather than running ofFto the ocean, the water is thus retained 
underground, where there ¡is no loss due to evaporation. The ground- 
water can then be pumped out of the ground in the summertime 
using inexpensive hand or foot pumps. No money is lost building an 
expensive dam, the topsoil is maintained, and farmers are empowered 
with water right beneath their feet. Such practices have been employed 
in Bangladesh with much success. 


CHAPTER 17 


31. The air molecules of the atmosphere are held down by the force of 
8TaVILY. 

33. The pressure of the air on the outside ofyour eardrums is decreas- 
¡ng faster than is the pressure of the air on the inside ofyour eardrums. 
FYI, commercial airplanes maintain a cabin pressure that ¡s equal to 
the pressure one experiences at about 2400 meters (8000 feet) up a 
mountainside. 


35. Oxygen molecules are more massive and, hence, heavier than 
nitrogen molecules. An oxygen molecule, therefore, requires more 
kinetic energy to travel to the same altitude as a nitrogen molecule. 
Thịs is one of the reasons why the ratio of nitrogen to oxyeen mole- 
cules increases (albeit slightly) with increasing altitude. 


37. The air expands upon heating, which results in a decrease oŸ its 
density. The pressure can be increased by decreasing airs volume, 
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which resulrs in an increase in its density. Alternatively, more air can 
be squeezed into the same volume and this would also result in an 
increasc in the density of the air. 


39. Ata depth ofaround 10 meters the pressure has been doubled. 
According to Boyles Law, the volume ofair inside of the glass will be 
halved, which means that the water level will have risen to about the 
halfway mark. 


41. The weipht of the air pushing against the outer surface of the card 
is much greater than the weight of the water pushing against the inner 
surface of the card. This demonstration would not work on the moon. 
Do you understand why? 


43. Strictly speaking, you do not suck the drink up into the straw. You 
instead reduce the pressure ¡n the straw, which allows the weight of the 
atmosphere to press the liquid up into the straw. 


45. The air inside the car has more inertia than the helium in the 
helium balloon. As the car starts forward, the greater inertia of the air 
causes it to pitch backwards, much like the girÏs head. As this air holds 
to the back of the car, the lighter helium balloon moves forward. A sim- 
ilar efect can be seen when sliding a bottle of water on its side across a 
table. As you accelerate the bottle forward, the water inside the bottle 
has an inertia that holds ¡it back. Any bubble ofair within the bottle 
thus runs forward in the direction that the bottle was pushed. 


47. Coal is a fossil fuel, which means it arises from the decomposition 
oforganic matter. Sulfur from organic matter, in turn, is found prima- 
rily in the two amino acids cysteine and methionine (see page 445). 
Plants obtain the sulfur to make these amino acids from the sulfur 
oxides that occur ¡n our atmosphere and were placed there by active 
volcanoes and by the burning of fossil fuels. Thus, there is no original 
source o£sulfur on Earth. Rather, like all other elements, the sulfur 
that ¡is already here recycles through various pathways. Sulfur does, 
however, have an ultimate origin and that is with the nuclear fusion 
occurring ¡n our sun and alÏ other stars (see page 75). 


49. The airborne sulfur dioxide reacts with oxygen and water to form 
sulfuric acid, which ¡s carried by rainwater to the planetSs surface. 


51. Atmospheric nitrogen and oxygen wilÍ react with each other under 
conditions ofextreme heat, such as occurs within an automobile 
engine or a liphtning bolt. The balanced equation for this reaction is 
N;+O; —> 2NO. 


53. Photosynthesis produces oxygen, ©„, which migrates from Earth5 
surface to high up in the stratosphere, where ít is converted by the 
energy of ultraviolet lipht into ozone, O;. Plants and all other organ- 
isms living on the planets surface beneft from this ozone because of 
its ability to shade the surface from ultraviolet lipht. 


55, As discussed In Section 17.4, ozone 1s a fairly reactive molecule. 
Close to Earth§ surface, ït decomposes as it reacts with varIous materi- 
als, such as bound plants or airborne hydrocarbons. Thus, the ozone 
from automobiles doesnt last long enough to make ¡t to distant loca- 
tions, such as the stratospheric skies over the South Pole. 


57. This keeps the visible light out of the greenhouse so that it does 
not become too hot within the greenhousc. 

59. The greenhouse effect works because of the atmosphereS ability to 
trap terrestrial radiation. If the atmosphere were less abÌe to trap t€rr€s- 
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trial radiation, then the greenhouse effect would not be so strong and 
global temperatures would drop. 


61. You would need to know the number ofair molecules in a liter of 
air. You would divide the number of CFC molecules by the number 
ofair molecules and multiply by 100 to get the percentage of CEC 
molecules. 


63. (1.18 g/L)(1)(1.00 mol/28.8 g) = 0.0410 mol ofair 


65. Multiply the pressure of cach tire by its surface area oŸ contact to 
ñnd the weight placed downward on cach tire. Since there are Íour 
tires, multiply by 4 to arrive at the total weight oÊ your car. 


Weight upon cach tire 

(35 pounds/square inch)(30 square inches) = 1050 pounds 
WWeight upon all four tires (weight of car) 

1050 pounds x 4 = 4200 pounds 


67. Plug the values into the ideal gas equation and solve for 
t€emp€raturc. 


60 V 
(3.00 atm)(5.00 L) 


Ú) R 7 
(2.00 mol)(0.082057 L - atm/K mol)(7'?) 


II II 


P= 3.00 atm 

V=5.00L 

7 = 2.00 mol 

®=0.082057 L- atm/ 
K: mol 

T=? 


(3.00 atm)(5.00 L) 
(2.00 mol)(0.082057 L - atm/K - mol) 


=ứữ) 


914K=7 


69. The number of moles of this gas in 1.00 liter at 273 K and 1.00 
atmosphere can be found using the ideal gas equation: 


5= J2V (hÚNT. 
= (1.00 atm)(1.00 L) / (0.082057 L- atm/K - mol(273 K) 


From the density we know that there are 3.73 grams ofthis gas in l 
liter, which also contains 0.0446 mole. The atomic mass can be found 
by dividing the grams by moles: 


atomic mass = 3.73 grams/0.0446 mole 
= 83.6 g/mole 


From the periodic table, this is the atomic mass o£ the element kryp- 
ton, Ktr. 


CHAPTER 18 


31. Both paper and cooked spaghetti consist of many overlapping and 
intertwined strands. 


33. Industrial hemp produces much more cellulose fñber per acre over 
a given time frame than do trees. Hemp plants also contain a much 
lower proportion oflignans, which means that cellulose ñbers can be 
extracted withour the use of harsh chemicals. A disadvantage to using 
thís plant for making paper is that the paper industry ¡s welÍ estab- 
Iished in using trees. The short-term costs ofoutftting new machin- 
ery and other infrastructure, therefore, would be great. Also, there 
would be political inertia to overcome in moving to this plant as a 
source of Rber because it is of the same species as the THIC-conraining 
marijuana plant. Industrial hemp, however, contains Insignificant 
amounts of HC. Eurthermore, any cross-breeding between indus- 
trial hemp and marijuana would result in a plant that has smaller 
amounts of THC and hence would not be so desirable to the illicït 
drug communiry. 
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35. Sulfuric acid has two double-bonded oxygens with which the 
resulting negative chargc can resonate, as per Figure 12.12. See also 


question 59 of Chapter 10. 


©) œ- 
| | 
bi S 
Sulfurous acid: HƠ” "SG HO*%QO 
ĩ IẺ 
Sulfuricacd: HO——S—C© ` ——> HO— lh 
©) O 
O 
lÍ 
—> HO— ì =Q 
Ọ" 


37. As with any scientiRc endeavor, chance discovery played an impor- 
tant role in the development of polymers. In all cases, however, there 
was a sclentist with an open and innovative mind who was ready to 
recognize and take advantage ofa chance observation. Charles 
Goodyear accidenrally tipped sulfur into heated natural rubber to dis- 
cover vulcanized rubber. Christian Schobein inadvertentÏy wiped up a 
nitric acid spill with a cotton rag to discover nitrocellulose. Jaques 
Brandenberger thought ofcellophane as he observed the accidenral 
stains on tablecloths. Also, as was discussed in Chapter 1, Tefon was 
discovered upon the unexpected disappearance oFa chemical in a gas 
cylinder that Roy Plunkett was compelled to saw in hal£ 


39. Celluloid and cellophane are both derived from cellulose. The cel- 
luloid, however, has nitrate eroups, whereas each hydroxyÏ group 
appears ¡in cellulose. Cellophane has the same chemical composition of 
cellulose, but it has been transformed to a ñÌm by both chemical and 
mechanical processing. 


41. They are made of nitrocellulose, which ¡s the same highÏy com- 
bustible material used to make gun cotton as wcll as fash paper (see 
page 318). 

43. Collodion, Parkesine, celluloid, viscose yarn, cellophane, PVC, 

nylon, Teflon. 


45. For a similar exercise, see Chapter 12, question 100. 


O 


Camphor,CioH;;O 


47. Delnitely not! Metal halides are by no means restricted to group 

1 metals. In fact, most metals are able to form halides. Iron chloride, 
FeC];, and copper chloride, CuC];, are examples. Figurc 18.19 shows 
only the most common forms of metal compounds. Ín nature, iron is 
most commonly found as an oxide, while copper is most commonly 
found as a sulfñdc. 

49. Differences in physical properties are used in the isolation of met- 
als, Íor example, within the blast furnace, where reduced molren iron 
sinks beneath the sỈag impurities because oÊits greater density. Another 
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example is with fotation, a technique that takes advanrage of the fact 
that meral sulñdes are relatively nonpolar and therefore attracted to 
oil. Differences in chemical properties are used, for example, ¡n the 
electrolysis ofa metal, such as impure copper, and the reduction ofa 
purified metal ore, sụch as iron ore, using carbon as the reducing agent 
at the high temperatures found within the blast furnacc. 


51. The problem ¡s not whether or not we have the metaÏ atoms on 
this planer—we do! The problem ïs in the expense of collecting those 
metal atoms. This expense would be too great ¡iŸ the metaÏ atoms were 
evenly distributed around the planet. \We are fortunate, therefore, that 
there are geological formations where metal ores have been concen- 
trated by natural processes. Bear in mind that only the metal atoms we 
produce ourselves can be recycled. Ifwe dont recycle these metal 
atoms, then down the road we ÌÍ ñnd substantial shortaøes of new 
metal ores from which to feed our ever-growing appetite for metal- 
based consumer goods and building materials. 


53. The boat isnt solid iron. Instead, ít is shaped into a hollow form 
that displaces water as ¡it is placed into the water. From physics we find 
that the upward buoyant force acting on a boat is equal to the weight 
of the water the boat displaces (Archimedess Principle). Add cargo 
and the boat will weigh more. This causes the boat to sink deeper into 
the water so that more water is displaced. As more water is displaced, 
the buoyant force increases to match the increased weight of the boat. 
For more details, be sure to enrolÏ in a physics course. 


55. When it is in the molten phasc. 


57. Ceramics are made by heating clay to high temperatures. This 
melts the silicate components, which permeate through the clay sur- 
rounding the microcapsules. Upon cooling, the silicates solidify, hold- 
¡ng the microcapsules together, much like a hardened glue. 


59. Any composite is weakest along the direction in which fbers do 
not run. Plywood ¡is made by binding thin sheets of wood such that 
the grains in one sheet run perpendicular to the grains of the sheet 
above or below it. This provides øreat strength in these two particular 
directions. Lay the plywood flat on the ground, however, and there are 
no grains that run in the vertical direction, which ¡is in the direction of 
its thickness. Plywood, therefore, is relatively weak in this direction, 
which ¡s why old samples ofplywood first fall apart by an “unstacking” 


of the once-bound thin sheets ofwood. 


CHAPTER 19 


31. The kilowatt is a measurement of the rate at which energy ¡s deliv- 
ered, which is power. Ifyou have 2 kÑW available to your home you 
can do more than iŸyou have only 1 kÑW available to your home. In 
both cases you can draw the same amount ofenergy. \W/¡ith the 2-kW- 
rated system, however, you can do so twice as quickly. Notice that 
your electric bilÏ is metered ín units o£kilowatt-hours, which ¡s an 
amount oÊenergy. 


33. This exercise requires some qualification. There are in fact planes 
that derive their power from electricity. These are not passenger air- 
planes, but glider-type remote control airplanes designed to carry onÌy 
scientilc equipment to extremcly high altitudes, above the tropo- 
sphere, where they are reliably powered by solar electric cells. For an 
airplane to carry any heavy cargo, such as passengers, requires a large 
amount ofpower, especially at takeoff. Connecting the airplane to an 
electric power station by long wires is obviousÌy not feasible. Storing 
the electric energy in on-board batteries is also not feasible, primarily 
because the batteries themselves weigh too much. The best solutlon to 
date ¡s for the airplane to carry fuel, which upon burning can provide 
vast amounrs oŸ power as needed. 


35. At hiph temperatures, atmospheric nitrogen and oxygen readily 
react to form nitrogen oxides. For this reason, so long as a fuel—any 
kind offuel—burns at a high temperature, there will be nitrogen 
oxides formed. The only way to prevent this would be to exclude the 
nitrogen from the combustion process, which would lower the cost 
eficiency markedly. 


APPENDIXC 


37. Deriving electrical energy from nuclear fssion produces almost no 
atmospheric pollutants, such as carbon dioxide, sulfur oxides, nitrogen 
oxides, heavy metals, and airborne particulates. Although not dis- 
cussed in the text, there is also an abundant supply of fuel for nuclear 
Ñssion reactors in the form of plutonium-239, which can be manufac- 
tured from uranium-238. Use the keyword “Breeder Reactor” on your 
Internet scarch engine to learn about how this Is so. 


39. There are great technological hurdles to overcome In creating an 
economically viable nuclear fusion power plant. Countries, therefore, 
are teaming up to develop nuclear fusion energy so as to pool their 
ñnancial and intellectual resources. 


41. The OPEC oil embargo was a boon for the nuclear power indus- 
try. The embargo was instrumental in alerting people to the vulnera- 
bility from depending on only one source of energy and prompted the 
building of many new nuclear power plants. Interestinely, there have 
been no new nuclear facilities constructed in the Ủnited States since 
this time. 


43. Nol The worst-case scenario for a nuclear power plant is the “melt- 
down,” which occurs as an uncooled nuclear reactor gets so hot that it 
melts to the foor ofthe containment building. Nuclear fuel is 
enriched with fssionable uranium-235 to at most 4 percent. The 
remainder of the fuel is nonfissionable uranium-238. As discussed in 
Chapter á, to build a nuclear bomb, uranium-235 must be enriched 
to over 90 percent. 


45. While dams themselves produce virtually no chemical pollutants, 
they do radically alter ecosystems to the detriment of many species, 
including the humans displaced from their homes by the rising food 
waters that come behind the dam. 


47. Through the gravitational pull between Earth and the moon, 
which results in tidal forces. Interestinely, the energy lost by the Earth- 
moon system to the creation of global tides results in a slowing down 
of Earth§ rotation. Back during the tỉme of the dinosaurs, days were 
only about 19 hours long. In the far, far future, the days will be on the 
order of46 hours long such that EarthS spin wilÍ exactly match the 
moon§ orbit. The result will be that the moon wilÏ always appear in 
the same locaton ¡n the sky. 

49. Ifyour pool has a nonsolar heating unit, such as a gas burner, a 
nonsolar pool cover wilÏ still help to keep the pool warm by reducing, 
the amount ofevaporation that takes place. 
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51. Pass the drinking water through the hot zone ofa solar collector, 
such as the ones shown in Figures 19.26 or 19.27. Ifcontained within 
pressurized pipes, the water would become superheated and pathogens 
would be quickly destroyed. A less expensive use of solar energy for the 
making of drinking water would be to build a solar distillation appara- 
tus, as shown In Chapter 16, Figure 16.11. 


53. Natural gas: A; wind: B; nuclear fusion: A; hydroelectric: B; coal: A. 


55. Electrons dislodged by light in the ø -type silicon dont cross che 
junction because the junction is unidirectional. 


57. The electrons would not travel to the negatively charged silicon on 
their own. They can, however, be forced to move in this direction given 
an adequate energy source. For a photovoltaic cell, this energy source is 
sunlight, which lirerally knocks electrons towards this direction. 


59. Store the electricity as electrolytic hydrogen, which can be com- 
busted ¡n a fuel cell to generate electricity during times of minimal 
tide change. 


ONS 


61. Eirst calculate the cost of running the 100-watt lightbulb for 
1 hour, understanding that 100 watts is the same as 0.1 kilowatt: 


0.1kW x1 hr = 0.1k\Wh 


mã. ố 
1 kWh 


= l.5 œnts 


Then calculate the cost of running the 20-watt lightbulb for 1 hour, 
understanding that 20 watts is the same as 0.02 kilowatt: 


0.02 kW xIhr = 0.02 kWh 


0:00 HN CC CHỊ 
1 kWh 


= 0.3 cents 


The savings for cach hour ¡s the difference: I.5 cents minus 0.3 cents, 
which equals 1.2 cents per hour. This may not sound like much, but if 
50 million households in the United States changed just one of their 
lightbulbs from a 100-watt incandescent to a 20-watt Ñuorescent, then 
the toral annual savings would be on the order o£ 1.2 billion dollars. 


63. (350 houscholds/1.0 MWW)(180,000 MỸ) = 63 million house- 
holds (2 signiicant ñgures) 


“#... 
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PERIODIC TABLE OF THE ELEMENTS, USEFUL 
CONVERSION FACTORS, AND FUNDAMENTAL CONSTANTS 


PERIODIC TABLE OF THE ELEMENTS 


Period 
+> 


Atomic masses are averaged by isotopic abundance on the Earth/s surface, 
expressed in atomic mass units. Atomic masses for radioactive elements 
Nonmetal are the whole number nearest the most stable isotope of that element. 
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LIST OF THE ELEMENTS 


Atomic Atomic Atomic Atomic 
Name Symbodl Numbecr Wight Name Symbol  Number Weight 
Actinium Ac 89 227.028 Mercury Hg 80 200.59 
Aluminum AI 13 26.982 Molybdenum Mo 42 95.94 
Americium Am 95 243 Neodymium Nd 60 144.24 
Antimony Sb SII 121.76 Neon NÑe 10 20.180 
Argon Ar 18 39.948 Neptunium Np Kb) 237.048 
Arsenic As SỆ) 74.922 Nickel Ni 28 58.69 
Astatine At 85 210 Niobium Nb 41 92.906 
Barium Ba 56 127.927 Nitrogen N Ự 14.007 
Berkelium Bk 97 247 Nobelium No 102 259 
Beryllium Be 4 9.012 O©smium Os 76 190.23 
Bismuth Bi 83 208.980 Oxygen O 8 15.099 
Bohrium Bh 107 262 Palladium Pd 46 106.42 
Boron B » 10.811 Phosphorus JÈ 15 30.974 
Bromine Br 35 79.904 Platinum Pt 78 195.08 
Cadmium Cd 48 I12 111 Plutonium Pu 94 244 
Calcium Ca 20 40.078 Polonium Po 84 209 
Californium Cf 98 VbŠI Potassium K 19 39.098 
Carbon C 6 12.011 Praseodymium Pr 59 140.908 
Cerium Ce 58 140.115 Promethium Pm 61 145 
Cesium ĐC 5P 132.905 Protactinium Pa 9] 231.036 
Chlorine G] l2 35.453 Radium Ra 88 226.025 
Chromium (ĐỀ 24 51.996 Radon Rn 86 09/02 
Cobalt 69) 27 58.933 Rhenium Re 7Ð 186.207 
Copper Cu 29 63.546 Rhodium Rh 45 102.906 
Curium Cm 96 247 Rubidium Rb 37 85.468 
Dubnium Db 105 262 Ruthenium Ru 44 101.07 
Dysprosium Dy 66 162.5 Rutherfordium Rf 104 261 
Einsteinium Es 99 252 Samarium Sm 62 150.36 
Erbium Er 68 167.26 Scandium $c 21 44.956 
Europium Eu 63 151.964 Seaborgium Sơ 106 263 
Fermium Em 100 257 Selenium Se 34 78.96 
Fluorine RF 9 18.998 Silicon Sĩ lá 28.086 
Francium Fr 87 223 Silver Ag 47 107.868 
Gadolinium Gd 64 I2») Sodium Na 11 22.990 
Gallium Ga ĐI 69.723 Strontium $r 38 87.62 
Germanium Ge 32 72.01 Sulfur S 16 32.066 
Gold Au 7) 196.967 Tantalum Tả ấu 180.948 
Hafnium Hf 72 178.49 Technetium T© 43 98 
Hassium Hs 108 265 “Tellurium Te 52 127.60 
Helium He 2 4.003 Terbium Tb 65 158.925 
Holmium Ho 67 164.93 Thallium TI 81 204.383 
Hydrogen H 1 1.0079 Thorium Th 90 232.038 
Indium In 49 114.82 Thulium Tm 69 168.934 
lodine I 53 126.905 Tin Šn 50 118.71 
Iridium lr 77 192.22 Tiranium Tì¡ 29, 47.88 
lron Fe 26 55.845 Tungsten \⁄4 74 183.84 
Krypton Kr 36 83.8 Uranium U 92 238.029 
Lanthanum La SŸ/ 138.906 Vanadium V 23 50.942 
Lawrencium Lr 103 262 Xenon Xe 54 131.29 
Lead Pb 82 207.2 Ytterbium Yb 70 173.04 
Lithium Li 3 6.941 Yttrium Nữ 39 88.906 
Lutetium Lu 71 174.967 Zinc Zn 30 65.39 
Magnesium Mg 12 24.305 Zirconium SÁ 40 91.224 
Manganese Mn 25 54.938 — Uun 110 269 
Meitnerium Mt 109 266 = Uuu 111 2/72 


Mendelevium Md 101 258 == Uub L2 20707/ 
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USEFUL CONVERSION FACTORS 
Length 
SĨ it: meter (11) 
1 km =0.621 37 mi 
1 mi = 5280 ft 
= 1.6093 km 
1 m= 1.0936 yd 
1 in. = 2.54 cm (exactly) 
1 cm =0.393 70n. 
IÂ=10”'°m 


Inm=10?m 


Mass 
SĨ t: Eiloer41 (kg) 
1 kg = 10 g = 2.2046 Ib 
loz=28.345 g 
1]b= 16 oz = 453.6 g 
1 amu = 1.661 x10 ®g 


Temperature 


SĨ „it: Keluz» (K) 
0K=-273.15°C 
=-459.67°F 
K= C+2/2.12 
°C=š(FE-32) 
f=°C)+32 


FUNDAMENTAL CONSTANTS 
Avogadrosnumber = 6.02 107 = 1 mole 
= 9.109 390 x 1073! kg 


Mass ofelectron, 7 


€ 


= 1/1836 of mass ofFH 
Mass of neutron, 7„ = 1.674 929 x 10~”” kg 
~ mass oFH 
Mass ofproton, 7= 1.672 623x107” kg 
~ mass oFH 


Plancks constant, ÿ= 6.626 107”“J - s 
Speed oflipht, — c= 3.00x 10Ÿ®m/s 


Energy 
SĨ „it: Joule (}) 
1= 0.239 01 cai 
1 kJ = 0.239 kcal 
1 cal = 4.184 J 


Pressure 
SĨ t: Dascal (P⁄) 
1 atm = 101,325 Pa 
= 760 mm Hg (torr) 
=29.9¡in. Hg 
= 14.696 lb/in2? 


Volume 
SĨ it: cuc 1eter (wi) 
IL=10 °m' 
=1 dmể 
= 10 cm 
=1102/ Q7 
1 gal =4 qt 
=3.7854L 
I mL =0.0339 f oz 
1 cm”= 1 mL 
= 10“ m 


1 in. = 16.4 cm? 
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absolute zero “The lowest possible temperature any 
substance can have; the temperature at which the 
atoms ofa substance have no kinetic energy: 0 K = 


=272.l3) ka== 499 Tà 
acid A substance that donates hydrogen ions. 


acidic soluton A solution in which the hydronium 
Ion concentration is higher than the hydroxide ion con- 
Centration. 


actinides Any seventh-period inner transition metal. 


activation energy The minimum energy required in 
order for a chemical reaction to proceed. 


addition polymer A polymer formed by the joining 
together of monomer units with no atoms lost as the 
polymer forms. 


adhesive force An attractive force between molecules 
oftwo different substances. 


aerobic bacteria Bacteria able to decompose organic 
matter only in the presence of oxygen. 


aerosol A moisture-coated microscopic airborne parti- 
cle up to 0.01 millimeter in diameter that ¡s a site for 
many atmospheric chemical reactions. 


agriculture The organized use of resources for the pro- 
duction offood. 


alchemy A medieval endeavor concerned with turning 
other metals into gold. 


alcohol An organic molecule that contains a hydroxyl 
group bonded to a saturated carbon. 


aldehyde An organic molecule containing a carbonyl 
group the carbon o£which is bonded either to one carbon 
atom and one hydrogen atom or to two hydrogen atoms. 


alkali earth metals Any group 2 element. 
alkali metals Any group 1 elemenr. 
alloy A mixture oftwo or more merallic elemenrs. 


alpha particle A helium atom nucleus, which consists 
Of two neutrons and two protons and ïs eJjected by cer- 
tain radioactive elements. 


amide An organic molecule containing a carbonyl 
group the carbon ofwhich ¡s bonded to a nitropen 
atom. 


amine An organic molecule containing a nitrogen 
atom bonded to one or more saturated carbon atoms. 


amino acid The monomers of polypeptides, cach 
monomer consIsting ofan amine group and a car- 
boxylic acid group bonded to the same carbon atom. 


amphoteric A description ofa substance that can 
behave as either an acid or a base. 


anabolism Chemical reactions that synthesize biomol- 
ecules in the body. 


anaerobic bacteria Bacteria able to decompose 
Oorganic matter in the absence of oxygen. 


analgesic A drug that enhances the ability to tolerate 
pain withourt abolishing nerve sensatlons. 


anesthetic A drug that prevents neurons from trans- 
mitting sensations to the brain. 


anode “The electrode where oxidation ocCurs. 


applied research Research dedicated to the develop- 
ment ofuseful products and processes. 


aquifer A soil layer in which groundwater may fow. 


aromatic compound Any organic molecule contain- 
¡ng a benzene ring. 


atmospheric pressure The pressure exerted on any 
object immersed in the atmosphere. 


atomic mass The mass o£an element§ atoms listed in 
the periodic table as an Zøezzøe value based on the rela- 
tive abundance of the element§ isotopes. 


atomic nucleus The dense, positively charged center 
Of every atom. 


atomic number À count of the number oŸ protons in 
the atomic nucleus. 


atomic orbital A region oŸspace in which an elec- 
tron in an atom has a 90 percent chance of being 
located. 
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atomic spectrum “The pattern of Írequencies of elec- 
tromagnetic radiation emitted by the atoms ofan ele- 
ment, considered to be an elements “fingerprint.” 


atomic symbol_ An abbreviation for an elcement or 
atom. 


Avogadrơs Law A gas law that describes the direct 
relationship between the volume ofa gas and the num- 
ber of gas particles it contains. The greater the number 
of particles, the greater the volume. 


Avogadros number The number of particles——6.02 
10?°—contained in 1 mole ofanything. 


base A substance that accepts hydrogen Ions. 


basic research Research dedicated to the discovery of 
the fundamental workings of nature. 


basic solution A solution in which the hydroxide Ion 
concentration is higher than the hydronium Ion con- 
Centration. 


beta particle An clectron cjected from an atomic 
nucleus during the radioactive decay of certain nuclei. 


bioaccumulation The process whereby a toxic chemical 
that enters a food chain at a low trophic level becomes 
more concentrated in organisms higher up the chain. 


biochemical oxygen demand A measure of the amount 
ofoxygen consumed by aerobic bacteria In water. 


biomass A general term for plant material. 


boiling Evaporation in which bubbles form beneath 
the liquid surface. 


bond energy The amount ofenergy either absorbed as 
a chemical bond breaks or released as a bond forms. 


Boyles Law A gas law that describes the indirect rela- 
tionship between the pressure ofa gas and its volume. 
The smaller the volume, the greater the pressure. 


buffer solution A solution that resists large changes in 
pH. made from either a weak acid and one oŸits saÏts or 
a weak base and one of its salts. 


capillary acdon The rising of liquid into a smalÏ verti- 
cal space due to the interplay ofcohesive and adhesive 
forces. 


carbohydrate A biomolecule that contains ony car- 
bon, hydrogen, and oxygen atoms and ¡s produced by 
plants through photosynthesis. 


carbon-14 dating “The process of estimating the age of 
oncc-living material by measuring the amount ofa 
radioactive isotope of carbon present in the material. 


carbonyl group A carbon atom double-bonded to an 
oxygen atom, found ¡in ketones, aldehydes, amides, car- 
boxylic acids, and esters. 


carboxylic acid An organic molecule containing a car- 
bonyl group the carbon oÊ which ¡s bonded to a 
hydroxyl group. 


catabolism C)hemical reactions that break down bio- 
molecules in the body. 


catalyst Any substance that increases the rate ofa 
chemical reaction without itself being consumed by the 
reaction. 


cathode The electrode where reduction occurs. 


cathode ray tube A device that emits a beam of 
electrons. 


chain reaction A self-sustaining reaction ¡n which 
the products ofone fission event stimulate further 
€v€nts. 


Charless Law A gas law that describes the direct rela- 
tionship betwcen the volume ofa gas and its tempera- 
ture. The øreater the temperature, the greater the 
volume. 


chemical change IDuring this kind of change, atoms 
in a substance are rearranged to øive a new substance 
having a new chemical identity. 


chemical equation A representation ofa chemical 
reaction. 


chemical formula A notation used to indicate the 
composition oŸa compound, consisting of the atomic 
symbols for the different elements of the compound 
and numerical subscripts indicating the ratio in which 
the atoms combine. 


chemical property A type of property that character- 
1zes the ability o£a substance to change into a different 
substance. 


chemical reaction Synonymous with chemical 
changc. 


chemistry The study of matter and the transforma- 
tions it can undergo. 


chemotherapy The use of drugs to destroy pathogens 
without destroying the animal host. 


chromosomes An clongated bundle of DNA and pro- 
tein that appears in a celÏs nucleus Just prior to celÏ 
division. 

coal A solid consisting ofa tightly bound network of 
hydrocarbon chains and rings. 


coefficilent A number used in a chemical equatlon to 
indicate either the number ofatoms/molecules or the 
number of moles of a reactant or product. 


cohesive Íforce Án attractive force between molecules 
of the same substance. 


combinatorial chemistry The production ofa large 
number ofcompounds in order to increase the chances 
of fñnding a new drug having medicinal value. 


combustion An exothermic oxidation—-reduction reac- 
ton between a nonmetallic material and molecular 
Oxygcn. 


composite Any thermoset medium strengthened by 
the incorporation of ñbers. 


compost Fertilizer formed by the decay of organic 
matter. 


compound A material in which atoms of different ele- 
ments are bonded to one another. 


concentration A quantitative measure of the amount 
of solute in a solution. 


conceptual model A representation ofa system that 
helps us predict how the system behaves. 


condensation A transformation from a gas to a liquid. 


condensation polymer A polymer formed by the join- 
¡ng together of monomer units accompanied by the Ïoss 
o£a small molecule, such as water. 


conformation One of the possible spatial orientations 
ofa molecule. 


consumer An organism that takes in the matter and 
energey ofother organisms. 


control test A test performed by scientists to Increase 
the conclusiveness of an experimenral test. 


corrosion The deterioration ofa metal, typically 
causcd by atmospheric oxygen. 


covalent bond_A chemical bond in which atoms are 
held together by their mutual attraction for two elec- 
trons they share. 


covalent compound_ An element or chemical com- 
pound in which atoms are held together by covalent 


bonds. 


critical mass he minimum mass of fñssionable mate- 
rial needed to sustain a chain reaction. 


decomposer Ân organism in the soil that transforms 
once-living matter to nutrients. 


density The ratio ofan objects mass to its volume. 


deoxyribonucleic acid A nucleic acid containing a 
deoxygenated ribose sugar, having a double helical 
structure, and carrying genetic code ¡n the nucleotide 
sequence. 


dipole A separation of charge that occurs in a chemical 
bond because of differences in the clcctroncgativities of 
the bonded atoms. 
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dissolving The process oŸ mixing a solute In a 
solvent. 


efective nuclear charge The nuclear charge experi- 
enced by outer-shell electrons, diminished by the 
shielding effect of1nner-shell electrons. 


electrochemistry “The branch ofchemistry concerned 
with the relationship between electrical energy and 
chemical change. 


electrode Any material that conducts electrons Into or 
out ofa medium in which electrochemical reactlons are 
OCCurring. 


electrolysis The use of electrical energy to produce 
chemical change. 


electromagnetic spectrum The complete range of 
waves, from radio waves to gamma rays. 


electron An extremely small, negatively charged sub- 
atomic particle found outside the atomic nucleus. 


electron confguration The arrangement ofelectrons 
in the orbitals oFan atom. 


electron-dot structure A shorthand notation of the 
shell model of the atom in which valence electrons are 
shown around an atomic symbol. 


electronegativity The ability ofan atom to attract a 
bonding pair of electrons to irselfwhen bonded to 
another atom. 


element A fundamental material consisting ofonly 
one type ofatom. 


elemental formula A notation that uses the atomic 
symbol and (sometimes) a numerical subscript to 
denote how atoms are bonded ¡n an element. 


endothermic A term that describes a chemical reac- 
tion in which there is a net absorption of energy. 


energy The capacity to do work. 


energy-level diagram Irawing used to arrange atomic 
orbitals in order of energy levels. 


entropy The term used to describe the idea that 
energy has a natural tendency to disperse; the total 
amount of energy In a øiven amount of substance 
divided by the substanceS absolute temperature. 


enzymes A protein that catalyzes biochemical reac- 
tions. 


ester An organic molecule containing a carbonyl 
group the carbon of which ¡s bonded to one carbon 
atom and one oxygen atom bonded to another carbon 
atom. 


ether An organic molecule containing an oxygen atom 
bonded to two carbon atoms. 
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eutrophication The process whereby Inorganic wastes 
in water fertilize algae and plants ørowing ¡n the water 
and the resulting overgrowth reduces the dissolved oxy- 
Øen concentration o£ the water. 


evaporation A transformation from a liquid to a gas. 


exothermic A term that describes a chemical reaction 
¡n which there Is a net release of energy. 


fat A biomolecule that packs a lot of energy per gram 
and consists ofa ølycerol unit attached to three fatty 
acid molecules. 


formula mass The sum of the atomic masses of the 
atoms in a chemical compound or element. 


freezing A transformation from a liquid to a solid. 


functional group A specific combination ofatoms 
that behave as a unit in an organic molecule. 


gamma ray Hligh-energy radiaton emitted by the 
nuclei of radioactive atoms. 


gas Matter that has neither a defnite volume nor a 
deRnite shape, always filling any space available to ¡t. 


gene À nucleotide sequence in the DNA strand in a 
chromosome that leads a celÏ to manufacture a particu- 


lar polypeptide. 


gene cloning The technique ofincorporating a øene 


from one organism into the DNA ofanother organism. 


glycogen A glucose polymer stored in animal tissue 
and also known as animal starch. 


greenhouse effect The process by which visible light 
from the sun is absorbed by the Earth, wh¡ich then 
emits infrared energy that cannor escape and so warms 
the atmospherce. 


group A vertical column in the perlodic table, also 
known as a family ofelements. 


half-life “The time required for half the atoms in a 
sample ofa radioactive isotope to decay. 


half-reaction One portion oFan oxidation-reduction 
reaction, represented by an equation showing electrons 
as either reactants or products. 


halogens Any “salt-forming” element. 


heat “The energy that flows from one object to another 
because of a temperature difference between the two. 


heat of condensation The cnergy relcased by a sub- 
stance as it transforms from gas to liquid. 


heat of freezing The heat cnergy released by a sub- 


Stance as It transforms from liquid to solid. 


heat of melting The heat energy absorbed by a sub- 


stance as It transforms from solid to liquid. 


heat ofvaporization The heat energy absorbed by a 
substance as it transforms from liquid to gas. 


heteroatom Any atom other than carbon or hydrogen 
in an organic molecule. 


heterogeneous mixture A mixture in which the vari- 
ous components can be seen as individual substances. 


homogeneous mixture Á mixture in which the com- 
ponents are so ñnely mixed that the composition ¡s the 
same throughout. 


horizon A layer of soil. 
humus The organic matter of topsoil. 


hydrocarbon A chemical compound conraining only 
carbon and hydrogen atoms. 


hydrogen bond À strong dipole-dipole attractlon 
between a sightly positive hydrogen atom on one mol- 
ecule and a pair of nonbonding electrons on another 
molecule. 


hydrologic cycle “The natural circulation oŸwater 
throuphout our planet. 


hydronium ion A water molecule after accepting a 
hydrogen ion. 


hydroxide ion A water molecule after losing a hydro- 
gen Ion. 


ideal gas law A gas law that summarizes the pressure, 
volume, temperature, and number of particles oFa gas 
within a sinele equation, often expressed as ?W= z7; 
where #¡s the øas constanr, which has a value of 


L -atm 
0.082057 ————. 

K - mol 
impure The state ofa material that is a mixture of 
more than one element or compound. 


induced dipole A dipole temporariÏy created in an 
otherwise nonpolar molecule, induced by a neighbor- 


¡ng charge. 


industrial smog_ Visible airborne pollution containing 
large amounts oÊ particulates and sulfur dioxide and 
produccd largely from the combustion of coal and oil. 


inner-shell shielding “The tendency ofinner-shell 
electrons to partially shield outer-shell electrons from 
the nuclear charge. 


Inner-transiton metals Any element in the two sub- 
øroups of the transition metals. 


insoluble Not capable of dissolving to any appreciable 
€xtent In a given solvent. 


integrated crop management À wholc-farm strategy 
that Involves managing crops ¡n ways that suit local 
soil, clmatic, and economic conditions. 


inteprated pest management Â pest-control strategy 
that emphasizes prevention, planning, and the use of a 
Variety Of pest-controÏ resources. 


lon An electrically charged particle created when an 
atom either loses or gains one or more electrons. 


ionicbond A chemical bond in which an attractive 
electric force holds ions ofopposite charge together. 


ioniccompound Any chemical compound containing 
IOnS. 


ionization energy The amount ofenergy required to 
remove an electron from an atom. 


isotope Any member ofa set of atoms of the same eÌe- 
ment whose nuclei contain the same number of pro- 
tons but different numbers of neutrons. 


ketone An organic molecule containing a carbonyl 
group the carbon ofwhich ¡s bonded to two carbon 
atoms. 


kilowatt-hour The amount ofenergy consumed ¡in 
1 hour ata rate of 1 kilowatt. 


kinetic energy Energy due to motion. 


kinetic theory ofgases A theory that explains the gas 
laws in terms of gases being comprised of rapidÌy mov- 
¡ng tỉny particles, either atoms or molecules. 


lanthanides Any sixth-period inner-transitlon metal. 


law of deñnite proportions A law stating that le- 
ments combine in defnite mass ratios to form com- 
poundb. 


law of mass conservation A law stating that there ¡s 
no đetectable change in the amount of mass present 
before and after a chemical reaction. 


leachate A solution formed by water that has perco- 
lated through a solid-waste disposal site and picked up 
water-soluble substances. 


lipid A broad class ofFbiomolecules that are not soluble 
1n WAtT. 


liquid Matter that has a deRnite volume but no def- 
nite shape, assuming the shape of ïts container. 


lock-and-key model A model that explains how drugs 
Interact with receptor SIt€S. 


mass The quantitative measure of how much matter 
an obJject contains. 


mass number The number of nucleons (protons and 
neutrons) in the atomic nucleus. sed primarily to 
Identify Isotopes. 


matter Anything that occupIes space. 


melting A transÍformation from a solid to a liquid. 
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meniscus The curving of the surface ofa liquid at the 
interface between the liquid surface and irs container. 


metabolism “The general term describing all chemical 
reactions in the body. 


metal An element that is shiny, opaque, and able to 
conduct electricity and heat. 


metallicbond A chemical bond in which the metal 
lons in a piece of solid metal are held together by their 
attraction to a “ñuid” ofelectrons in the metal. 


metalloid An element that exhibits some properties of 
metals and some properties of nonmetals. 


microirrigaton A method ofdelivering water directly 
to plant roots. 


mineral Inorganic chemicals that play a wide variety 
of roles in the body. 


mixed fertilizer A ferulizer that contains the plant 
nutrients nitrogen, phosphorus, and potassium. 


mixture A combination oftwo or more substances In 
which each substance retains it§ DrOp€rties. 


molar mass The mass of I mole ofa substance. 


molarity Á unit ofconcentration equal to the number 
of moles ofa solute per liter of solution. 


mole 6.02 x 10” ofanything. 


molecule A group ofatoms held tightly together by 
covalent bonds. 


monomer The small molecular unit from which a 
polymer ¡s formed. 


natural gas A mixture of methane plus smalÏ amounts 
ofethane and propane. 


neuron Â specialized cell capable of receiving and 
sending electrical impulses. 


neurotransmitter Ân organic compound capable of 
activating receptor sites on proteins embedded ¡in the 
membrane ofa neuron. 


neutral soluton A soluton in which the hydronium 
ion concentration ¡s equal to the hydroxide ion 
COncentration. 


neutralization A reaction in which an acid and base 
combine to form a salt. 


neutron An electrically neutral subatomic particle of 
the atomic nucleus. 


nitrogen fixation A chemical reaction that converts 
atmospheric nitrogen to some form of nitrogen usable 


by plants. 


noble gases Any unreactive element. 
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nonbonding pair ˆIWwo paired valence electrons that 
dont participate in a chemical bond and yet iniuence 
the shape of the molecule. 


nonmetal An elemenr located toward the upper ripht 
of the periodic table that ¡s neither a metal nor a metal- 


loid. 


nonpoint source A pollution source in which the pol- 
lutants originate at different and often nonspeciflc 
locations. 


nonpolar bond_A chemical bond that has no dipole. 


nuclear fñssion The splitting ofa heavy nucleus into 
two lighter nuclei, accompanied by the release of much 
€ncrgy. 


nuclear fusion “The joining together of light nuclei to 
form a heavier nucleus, accompanied by the release of 
much energy. 


nucleic acid A long polymeric chain of nucleotide 
monomers. 


nucleon Any subatomic particle found ¡n the atomic 
nucleus. Another name for either proton or neutron. 


nucleotide A nucleic acid monomer consisting of 
three parts: a nitroøenous base, a ribose sugar, and an 
Ionic phosphate øroup. 


ore A geologic deposit containine relatively hich concen- 
tratlons ofone or more metal-containing compoundks. 


organic chemistry The study ofcarbon-containing 
compounds. 


organic farming Farming without the use of pesticides 
or synthetic fertilizers. 


osmosis The net ow of water across a semipermeable 
membrane from a region where the water concentra- 
tion of some solute 1s lower to a region where the solute 
concenrration is higher. 


oxidation “The process whereby a reactant loses one or 
more electrons. 


oxidation-reduction reaction A reaction involving 
the transfer of electrons from one reactant to another. 


particulate An airborne particle having a diameter 
greater than 0.01 millimeter. 


period A horizontal row in the periodic table. 


periodic table A chart in which all known elements 
are organizcd by physical and chemical properties. 


periodic trend The gradual change ofany property in 


the elements across a period. 


petroleum A liquid mixture of loosely held hydrocar- 
bon molecules containing not more than 30 carbon 
atoms cach. 


pH A measure of the acidity ofa solution, equal to the 
negative of the base-10 logarithm of the hydronium ion 
COncenrration. 


phenol An organic molecule in which a hydroxyl 
group is bonded to a benzene ring. 


pheromone An organic molecule secreted by Insects to 
communicate with one another. 


photochemical smog Airborne pollution consisting of 
pollutants that participate in chemical reactions 


induced by sunlight. 
photoelectric efect The ability of light to knock elec- 


trons out Of atoms. 


photon Another term for a single quantum oflight, a 
name chosen to emphasize the particulate nature of 


light. 


physical change A change ¡in which a substance 
changes its physical properties without changing its 
chemical identity. 


physical dependence A dependence characterized by 
the need to continue taking a drug to avoid withdrawal 
symptoms. 


physical model A representation ofan object on some 
convenient scale. 


physical property Any physical attribute ofa sub- 


stance, such as color, density, or hardness. 


point source A specifc, well-defined location where 
pollutants enter a body of water. 


polar bond A chemical bond that has a dipole. 
polyatomic ion An ionically charged molecule. 


polymer A long organic molecule made of many 
reDeating units. 


potential energy Storcd energy. 
power The rate at which energy is expended. 
precipitate A solute that has come out of solution. 


principal quantum number ø An ¡integcr that speci- 
Ññies the quantized energy level ofan atomic orbital. 


probability cloud The pattern of electron positions 
plotted over time to show the likelihood ofan electronS 
being at a given position at a given time. 

producer An organism at the bottom ofa trophic 


Sfructure. 


product À new material formed ¡in a chemical 
reaction, appearing after the arrow ¡n a chemical 
equation. 


protein A polymer ofamino acids, also known as a 
polypeptide. 


proton A positively charged subatomic particle of the 
atomic nucleus. 


psychoactive Said ofa drug that affects the mind or 
behavior. 


psychological dependence A deep-rooted craving for 
a drug. 


pure The state ofFa material that consists oFa single 
element or compound. 


quantum A small, discrete packet of lipht energy. 


quantum hypothesis “The idea that light energy ¡s 
contained in discrete packets called quanta. 


radioactivity The tendency ofsome elements, such as 
uranium, to emit radiation as a result of changes in the 
atomic nucleus. 


reactant A starting material in a chemical reaction, 
appearing before the arrow in a chemical equation. 


reaction rate A measure of how quickly the concentra- 
tion of products in a chemical reaction Increases or the 
concentration of reactants decreases. 


recombinantDNA A hybrid DNA composed of 
DNA strands from different organisms. 


reduction “The process whereby a reactant gaIns one or 
more electrons. 


rem_ Â unit for measuring the ability of radiation to 
harm living tissue. 


replication The process by which DDXNA strands are 
duplicated. 


reuptake A mechanism whereby a presynaptic neuron 
absorbs neurotransmitters from the synaptic cleft for 
r€usc. 


reverse osmosis A technique for purifying water by 
forcing ¡t through a semipermeable membrane. 


ribonucleic acid A nucleic acid containing a fulÏy oxy- 
genated ribose sugar. 


saccharide Another term for carbohydrate. The pre- 
fñxes 7Øø-, đ7-, and pøl~ are used before this term to 
indicate the length of the carbohydrate. 


salinization “The process whereby irrigated land 
becomes saltier as the irrigation water evaporates. 


salt An ionic compound formed from the reaction 
between an acid and a base. 


saturated A solution containing the maxinum 
amounrt of solute that will đissolve. 


saturated hydrocarbon A hydrocarbon containing no 
multiple covalent bonds, with cach carbon atom 
bonded to four other atoms. 
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science An organized body of knowledge resulting 
from our observations, common sense, rational think- 
¡ng, and insights Into nature. 


scilentifc hypothesis A testable assumption often used 
to explain an observed phenomenon. 


scientific law Any scienuic hypothesis that has been 
tested over and over again and has not been contra- 
dicted. Also known as a scIentifc princIple. 


semipermeable membrane À membrane that allows 
water molecules to pass through its submicroscopIc 
pores but not solute molecules. 


solid Matter that has a deRnite volume and a defnite 
shape. 


solubility The ability ofa solute to dissolve in a given 
solvent. 


soluble Capable of dissolving to an appreciable extent 
in a given solvent. 


solute Any component in a solution that is not the 
solvent. 


solution A homogeneous mixture in which alÏ compo- 
nents are dissolved in the same phase. 


solvent The component in a solution present in the 
largest amount. 


specifc heat The quantity of heat required to change 
the temperature of I gram ofa substance by 1 CeÌsius 


degree. 


spectroscope A device that uses a prism or di£- 
fraction grating to separate lieht into its color 
components. 


standard entropy The total amount oÊenergy In a 
given amount of substance at 298 K divided by the 
substanceS absolute temperature, also 298 K. Note 
carefully that an object may “contain” energy, but not 
entropy. Standard entropy 1s the description of how 
much zzzey has been dispersed Into a substance In 
order for ¡t to have a temperature of298 K. 


steel Iron strenpthened by small percentages of 
carbon. 


straight fertilizer A fertilizer that contains onÌy one 
nutrIent. 


stratosphere The aunospheric layer that lies just above 
the troposphere and contains the ozone layer. 


strong nuclear force The force ofinteraction between 
all nucleons, effective onÌy at very, very, very close 
distances. 


structural isomers Molecules that have the same 
molecular formula but different chemical structures. 
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sublimation The process ofa material transforming 
from a solid directly to a gas, without passing through 
the liquid phase. 


submicroscopic The realm of atoms and molecules, 
where objects are smaller than can be detected by opti- 
cal microscopes. 


substituent Án atom or nonbonding pair of electrons 
surrounding a central atom. 


superconductor Any material having zero electrical 
T€SIStance. 


surface tension The elastic tendency found at the sur- 


face ofa liquid. 


suspension A homogeneous mixture in which the var- 
ious components are ñnely mixed, but not dissolved. 


synaptic cleft À narrow gap across which neurotrans- 
mitters pass either from one neuron to the next or from 
a neuron to a muscle or gland. 


synergistic efect One drug enhancing the effect of 
another. 


temperature Hlow warm or cold an object Is relative to 
some standard. Also, a measure of the average kinetic 
energy per molecule ofa substance, measured in 
degrees Celsius, degrees Fahrenheit, or kelvins. 


theory Á comprehensive idea that can be used to 
explain a broad range of phenomena. 


thermodynamics Ân area of sclence concerned with 
the role energy plays in chemical reactions and other 
energy-dependent processes. 


thermometer Ân ¡instrument used to measure 
temperature. 


thermonuclear fusion Nuclear fusion produced by 
high temperature. 


transcription The process whereby the genetic infor- 
mation of DNA ¡s used to specify the nucleotide 
sequence ofa complementary single strand oŸ messen- 


ger RNA. 


transgenic organism Ân organism that contains one 
or more øenes from another species. Also known as a 


eeticall 1o¿lfeál ozeanisz, or GMO. 


transition metals Any element ofgroups 3 throuph 12. 


translaton The process ofbringing amino acids 
together according to the codon sequence on mRNA. 


transmutation The conversion ofan atomic nucleus 
ofone element to an atomic nucleus ofanother element 
through a loss or gain of protons. 


trophic structure The pattern offeeding relatonships 
in acommunity of organisms. 


troposphere The atmospheric layer closest to Earths 
surface, containing 90 percent of the atmospheres mass 
and essentially all water vapor and clouds. 


unsaturated A solution that will dissolve additional 
solute if¡t ¡s added. 


unsaturated hydrocarbon A hydrocarbon containing 
at least one multiple covalent bond. 


valence electron An electron that ¡s located in the out- 
ermost occupied shelÏ in an atom and can participate in 
chemical bonding. 


valence shell The outermost occupied shell ofFan 
atom. 


valence-shell electron-pair repulsion A model that 
explains molecular geometries in terms of electron 
paIrs striving to be as far apart from one another as 


possible. 


vitamin rganic chemicals that assist in various bio- 
chemical reactions in the body and can be obtained 
only from food. 


volume The quantity of space an object occupies. 


water table The upper boundary ofa soils zone of sat- 
uration, which Is the area where every space between 
soil particles ¡s ñlled with water. 


watt A unit for measuring power, equal to l joule of 
energy expended per second. 


wave Írequency A measure of how rapidÏy a wave 
oscillates. The hipher this value, the greater the amount 
of energy in the wave. 


wavelength The distance between two crests ofa 
Wave. 


weight The gravitational force ofattraction between 
two bodies (where one body ¡is usually the Earth). 
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mercury batteries, 372 
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defñnition, 59 
inner transition, 63, 63-64, 64 
merallic bond, 619 


INDEX 


native, 620 
ores, 620, 621-622 


l-) 


periodic table and formation oÉ 620, 627 


Properties of, 59, 619 
reRning from ores, 622-626 
transition, 62, 63 
metal sulñdes, 626 
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covalent bonding, 196, 797 
as hydrocarbon, 392, 392 


induced dipole-induced dipole attraction, 


227,227 

as natural gas, 646 

shape, 198-199, 799 
methane hydrate, 641, 642, 643 
methanol, 376, 401, 02, 657 
methionine, 4⁄45, 472 
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discovery of, 78-80, 79 
dissolved in water, 568—569 
as double covalent bond, 198, 798 
elemenrtal formula, 49 
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oxidation-reduction reactions, 364 
water softening and, 244 

sodium cyanide, 335 
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sodium silicate, 627 

sodium thiosulfate, 366, 3óZ 

soil 
erosion, 539, 539—540 
fertilizers, 530—531, 537, 532 
horizons, 526, 526-527 
Irrigation, 540, 540-541, 547 
leaching, 527 
nitrogen in, 522, 523-524 
nutrient retention in, 527-529, 528, 529 
pH of, 528-529 
salinization, 540 
saturation, 554 
sour, 529 
structure, 526, 526-527, 527 
subsides, 555—556 

solar energy, 637 
photovoltaic cells, 662—665 
solar electric generation, 659—660 
solar heat, 658—659 

solids 
density ofsome, 26 
entropy and, 314 
phase change, 23-25, 2 
Properties of 22-25, 23, 2 

solubility 
gases, 236-240 
infnitely soluble, 234 
insoluble, 235 
overview o£Ê, 233—235 
temperature and, 236, 236 

soluble, 233 

solutions 
acid, base and neutral, 340-343 
aqueous, 223 
concentration oÊ 230-232 
defniuon, 56 
gaseous, 229 
saturated, 230 
solid, 228-229 
unsaturated, 230 

solvent, 229 

sorbitals, 158, 758 

space shuttle, 310, 370 

specifc heat 
definition, 275 
of water, 274-277 
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spectral pattern, 143 
spectroscope, 149, 19 
stainless steel, 229, 625 
standard entropy, 313 
standard model offundamenral particles, 
182-183 
standing wave, 156, ƒ56. 
starch, 436, 3⁄7, 438 
steam turbine, 638 
steel, 625, 625 
stereo images, 199, 799 
steroids, 441, 443, 443 
stck structure, 392-393, 393 
stimulants, 497-501, 497-507 
storage protein, Z6 
straight-chain hydrocarbon, 393 
straight fertilizer, 531 
Strassmann, Eritz, 125 
stratosphere, 587, 582 
stress neurons, 494-495, 501, 503 
strip mining, 643 
stroke, 470 
strong nuclear force, I16—118 
strontium, atomic spectrum, 750 
sưuctural isomer, 393 
structural protein, 46 
styrene, 4lá, 75 
Styrofoam, 235, 414 
sublimation, 269 
submicroscopic, Ì 
subsoil, 526, 526 
substituent, 199, 201 
substrates, 45 Ï 
substratum, 526, 526 
sucrase, 451, 451 
sucrose, 433, 434 
dissolution, 228, 229 
solubility, 234, 234 
sulfa drugs, 480, 485-486, 85-86 
sulfanilamide, 485, 486 
sulñdes, 620, 627 
sulfur 
as plant nutrient, 522, 525 
vulcanized rubber, 612-613 
sulfur dioxide 
ín acid rain, 346-348 
from coal, 643-644 
in industrial smog, 591—592 
volcanoes as source of, 588, 589 
sulfuric acid, 329, 330 
acid rain, 591 
in industrial smog, 591—592 
in rechareeable batteries, 372, 3Z2, 374 
superconductors, 628 
supernatural, 9 
superstring theory, 183 
surface tension, 264, 264-266, 265 
soap and, 265, 265-266, 266 
surface water, 555 
surfactants, 360—361 
suspension, 55, 58, 5đ 
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characteristics of 651—652 
geopressured brine, 656 
geothermal energy, 654-656 
hot dry-rock energy, 656 
hydroelectric power, 652—653 
hydrothermal energy, 655 
ocean thermal energy conversion, 
653-654, 654 
solar energy, 658—665 
tidal power, 656 
wind power, 660-661 
synaptic cleft, 494, 494 
synaptic terminal, 494 
synergistic effect, 481 
synthetic fertilizer, 531 
Šystème International (ST), 13 


tannins, 407 
taxol, 483, 484. 491 
Tefon, 8, 8, 227, 239, 416, 476, 617-618 
telescope, 627 
temperature, 19~2] 
defnition, 19 
gas solubility and, 236-238 
global warming and, 288-289, 348, 
598-601 
heat and, 21 
ideal gas law, 586 
kinetic energy of particles, 19, 792 
measurement scales, 20, 20—21 
reaction rates, 301—304, 302 
solubility and, 236, 236 
specifc heat capacity and, 274-275 
volume and, 584, 585 
temperature inversion, 590—591, 597 
temporary dipoles, 225—226 
terephthalic acid, 418, 78 
termites, 440, 440 
tertlary consumers, 520, 521 
tertiary structure, 444, 47, 448 
t€rtiary treatment of wastewater, 57 ] 
testosterone, 4⁄2, 493 
2,3,7,8-tetrachlorodibenzo-ø-dioxin 
(TCDD), 536 
tetrahedral molecules, 199, 799, 200 
tetrahydrocannabinol (THC), 503-504, 504 
tetramethylpyrazine, 391 
theory, scientifc, 9 
thermodynamics, 317 
thermometer, 19-21, 20 
thermonuclear fusion, 132—133 
thermoset polymers, 419 
thiram, 538, 538 
Thomson, ]. J., 88, 88, 90 
thorium, 119, 779 
“Three Mile Island, 648 
threonine, 445 
thymine, 452, 453, 454 
thymol, 403, 404 
thyroid gland, 775 
tidal power, 656 


tianium, 59 

tiranium dioxide, 361, 610, 611 
tobacco, 500-501, 502 

Toluene, 398, 399 

topsoil, 526, 526-527, 539 

trace minerals, 463 

tracers, 115, 775 

transcription, 455-457, 456 

trans fats, 253 

transfer RNA, 457 

transgenic organisms, 544-546, 545 
transgenic plant, 519 

transition metals, 62, 63 
translation, 457, 58 
transmutation, 779, 119-120, 720 
transport protein, 6 

triangular bipyramidal, 200, 200 
triangular planar molecule, 200, 200 
trichloroethane, 240 
2,4,5-trichlorophenoxyacetic acid, 536, 53Z 
triethylamine, 405 

triglycerides, 40, 441 

triple covalent bond, 198, 798 
tririum, 650 

trophic structure, 220, 520—521 
troposphere, 587, 581—582 
tryptophan, 4⁄5, 472 

tumor, 489 

Tupper, Earl, 618 

Tupperware, 618 

turbine, 638 

turpentine, 240 

tyrosine, 4Š 


ultratrace minerals, 463 
ultraviolet light 
in electromagnetic spectrum, lá8, 748 
photon of£, 152, 752 
ultraviolet radiation, ozone layer and, 594 
Dnited States Customary System (USCS), 13 
unIts 
conversion factor, 12, 73 
energy, I8—19 
heat, 21 
metric, 72, 13—lá, 74 
unsaturated fats, 252, 440-441, 442, 
470-471 
unsaturated hydrocarbons, 397-398, 
397-399 
unsaturated solution, 230 
upwelling, 263 
uracil, 452, 53 
uranium, 64, 108—109, 709 
đecay series, 779, I19—120 
Isotopic dating, 124-125 
nuclear fssion, 125—128, 126, 127 
nuclear power from, 128-129 
uranium-235, 124-125, 126, 126-127, 
127 
uranium-238, 119, 720, 121, 124-125, 
126, 126-127, 127 


valence electrons, 18ó—187 
valence shell, 186 
valence-shell electron-pair repulsion, 
198-202, 198-202 
valine, 445 
Valium, 505, 505 
vanillin, 391, 408, 408 
vapor, 24 
vaporization, heat oŠ 279-280 
vasodilators, 511, 572 
vegetarian diet, 472, Z2 
very-low-density lipoproteins (VLDL), 470 
vessels, 494, 94 
vincristine, 491, 497 
Viracept, 488, 489 
Viruses, antiviral drugs, 487, 487-488, 488 
viscose, 6]5—616 
visible light, 148, 7Z8 
vitamins, 462-463, 463 
volcanoes, as source ofair pollution, 588, 
589 
voltaic cell, 370 
volume 
defnition, 17 
đensity and, 25-26 
gas, 22-23 
ideal gas law, 586 
measurement oÉ 16, 17, IZ 
number of particles and, 585 
pressure and, 583-584, 584 
ranges of, IZ 
temperature and, 584, 585 
Wyager airplane, 631, 631 
VSEPR model, 198-202, 798-202 
vulcanized rubber, 612-613, 673 


Waste 
radioactive, 648 
'Wwastewater treatment, 569, 569-572, 
570, 571 
water, 254-289 
acid-base qualities oÉ 340-343 
adhesive and cohesive forces, 263, 266, 
266-267, 267 
atmospheric pressure and boiling point, 
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boiling, 25, 271-274, 272, 273 

boiling point, 208-209, 209 

capillary action, 267, 26Z 

chemical change o£, 42, 43 

as common name, 5] 

condensation, 267-270, 268, 270 

covalent bond, 196, 796 

density o£ 2ó, 261-263, 262, 263 

as dipole-dipole attraction, 223, 222 

dissolved gases in, 52 

drinking water, 52-53, 55, 218—219 

effects of solute in freezing, 260, 260 

electrolysis, 377 

evaporation, 267-270, 268, 270 

uoridation, 218-219 

formation o£ 365 

freezing, 256, 256-263, 259-261 

global climates and, 276-277, 27Z 

hard water and soap, 242-244 

hydronium and hydroxide ions, 190, 790, 
331-333, 340-343 

melting, 259-2617, 259-263 

oxygen solubility in, 235 

phase changes, 278—280 

physical change o£, 4ï 

physical properties o£, 0 

polarity, 208 

specific heat of, 274-277 

sublimation, 269 

surface tension, 264 264-266, 265 

$ee 2ÏS§0 Water r€sOurCes 

water resources, 553—572 

arsenic in, 50, 567 

conservation of, 557, 572-573 

desalination and purification, 561—565, 
562, 563, 564 

dissolved oxygen, 568-569 

distribution o£É 553 

drinking water treatment, 558-560, 
560, 561 

food production and, 540, 540 

groundwater, 540, 5⁄0, 555, 566 

hydroelcctric power, 652-653 

hydrologic cycle, 554, 554-556 

pollution oÉ 565-567, 566, 56Z 

usage oÉ, 556, 556-557, 55Z 

'Wastewater treatment, 569, 569—572, 
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'water-softening agent, 243 
water table, 554-555, 555 
'Waf€r treatment 
advanced integrated pond (AIP) system, 
571-572, 572 
đesalination and purification, 561—565, 
562, 563, 564 
drinking water, 558—560, 559, 560, 5617 
wastewater, 569, 569-572, 570, 577 
\WWatson, James, 454-455, 456 
watt, 639 
wave Írequency, 147 
wavelength, 147 
WaVv€s 
electromagnetic, 147-149 
electrons, 155—161 
standing wave, 156, J56 
wave Írequency, L47 
wavelength, 147 
weighr 
defnition, lá 
mass and, 14-15 
white light, 1⁄8, 148-149, 1⁄9 
XWilkins, Maurice, 455, 456 
willow, 612 
wind power, 660-661 
wood, paper from, 610-612 
wood alcohol, 657 


X rays, 108, 708 
xylocaine, 508 


Yucca Mountain repository site, 648, ó8 


zInc 
đensity of 26 
galvanization, 380, 380 
as plant nutrient, 522 
properties of, 52 
z¡nc chloride, in dry-cell batteries, 
370-372, 371 
zinc oxide, 361 
Zodovudine, 487, 488 
zooplankton, 521 
Zovirax, 487, 488 


